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FREFACE

Soon after its foundation in 1952, the Advisory Group for Aeronautical Research and
Development recognized the need for a comprehensive publication on flight test techniques
and the associated instrumentation. Under the direction of the AGARD Flight Test Panel
tnow the Flight Mechanics Panel). a Flight Test Manual was published in the years 1954 to
1956. The Manual was divided into four volumes: 1. Performance. II. Stability and Control,
ti. Instrumentation Catalog. and 1V. Instrumentat;on Systems,

Since then (light test instrumentation has developed rapidly in a broad field of sophisti-
cated techniques. In view of this developmient the Flight Test Instrumentation Committee
of the Flight Mechanics Panel was asked in 1968 to update Volumes [ll and IV of the Flight
Test Manual. Upon the advice of the Committee. the Panel decided that Volume 1 would
not be continued and that Volume IV would be replaced by a series of separately published
monographs on selected subjects of flight test instrumentation: the AGARD Flight Test
Instrumentation Series. The first volume of the Series gives a general introduction to the
basic principles of flight test instrumentation engine -ing and is composed from contribu-
tions by several specialized authors. Each of the oth.. volumes provides a more detailed
treatise by a specialist on a selected instrumentation subject. Mr W.D Mace and Mr A.Poo!
were willing to accept the responsibility of editing the Series, and Prof. D.Bosm:=n assisted
them in editing the introductory volume. In1975 Mr K.C.Sanderson succeeded Mr Mace as
an editor. AGARD was tortunate in finding competent editors and authors willing to con-
tribute their knowledge and to spend considerable time in the preparation of this Series.

It is hoped that this Series will satisfy the existing need for specitlized documentation
in the field of flight test instrumentation and as such may promote a better understanding
between the flight test engineer and the instrumentation and data processing specialists,
Such understanding is essential for the efficient design and execution of flight test programs.

The efforts of the Flight Test Instrumentation Committee members and the assistance
of the Flight Mechanics Panel in the preparation of this Series are greatly appreciated. In
particular, thanks are due to Professor T. Van Oosterom who until 1976 was Chairman of
the Flight Test Instrumentation Committee and held this position during the preparation
of this Volume.

N.O.MATTHEWS

Member of the Flight Mechanics Panet
Chairmar of the Flight Test
Instrumentation Committee.
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LINBAR AND ANDULAR POSITION MEASUNBENT
OF AIRCRAPT CONFORINITS
uy
JeCo van dor Linden and H.A. Rensink

National Aerospace Laboratury (BLR)
Ansterdaa
The Betherlands

1.0

This volume concentrates on flight test instrumentation for determining the position of movable air-
craft oomponents such ast

rudder, elevator and silerun surfaces,

wing flaps, trim tabe, speed brekes, spoilers,

power-control levers,

elements of hydraulic cystems and airconditioaing systeas,

elements of nosewheel-steering wystems and of landing gear mechaniwms,

oto.

The application of position measuring devicas in transducers, where the integration of the position
measuring device with the other parts of the transducer is usually done by the instrument manuf.cturer, ie
not a primary subject of this volume. Many of the details about the position measuring devices discussed
here apply, however, to cases where they form an integral part of a transducer.

The discussion in this volume has beun limited to measurements of the relative positions of two air-
craft ocomponents. Neasurements cf deformations inside the construction of & component, such as strain
Bmeasurekenis, are not included. They have been discussed in Volume 7 of the AGARD Flight Test Insirumenta-
tion Series (Ref.(1))s Also excluded aie measurements of displacemerts with respect to space, such as dis-
Placements obtained by integrating velocity or double-iategrating acceleration as for ingtance is per-
formed by inertial navigation systems.

The measuring ranges of the instruments discussed in this volume vary from less than 1 mm to aeveral
hudreds of mm for linear displacements and from less than 1 degree to several times 360 degrees for
angular displacex.mts. The requirci frequency response is generally from sero to a few Hsj frequencies of
up to 30 [z can occasionally occur. Nany systems exist for the measurement of such displacements. In this
volume only those regularly used during flight testing are discussed. These can be classified in the fol-
lowing groupss

- potentiometers,

= synchros,

- inductive zystems,
- digital systems.

A unifora classification xystea for position—tmeasuring systems does not exist and there is a large
veasure of confusion concerning terminology. In the literature a subdivision of potentiometers into
resistive, capacitive and inductive potentiometers is often used. This is not common usuge, and in this
volume the term "potentiometer™ is reserved for resistive devices. Another example to illustrate how
methods of classification differ rpplies to AC synchro aystems, whici are often considered to be special
inductive sysiems. In this paper they are treated separately, because there are some aspects that apply
only to the special charecteristics inherent to these aystemi. Inductive myrstems are not always regarded
as a main group, but often as a subgroup of reluctive aystams. Sometimes inductive and reluctive aystems
are considervd as separate groups. As the number of inductive and reluctive systeas available for the
measurements discussed in this volume is very limited, and the principles and characterimtios differ only
slightly, they are treated in this paper as one group.

In some cases it was difficult to determine in what group a specific mystem could best be classified.
In such cases rather arbitrary decisions were made. The "induction potentiometer™ is dezcribcd neither in
Chapter 3.0, potentiocmeters, nor in Chapter 5.0, inductive systems, bui in Chapter 4.0, aynchros, because
it is a device that is similar to most members of that group in appearance and characteristics. The device
is treated under its second, less used, name "linear synchro®.
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It sust be stressed that only those measuri:g systeas are discussed that are frequently used for
position measurement during flight Lests and that have proven their usefulness in prectice. Some systems
that were frequently used in the past but have currently lost their imporiance, are briefly mentioned,
especia’ly when an interesting principle formed the basis for such systeas. Examples are the synchrotel
system and the magnegyn systom. Systams frequently used for displacement meagurements and treated as such
in many handbcoks on this subject can have certain disadvantages when used as position transducers for
flight test work. Such systems, that are only very rarely used for the types of measurements discussed in
this voluse, have not been treated here. Examples of such systems uare capacitive xyctems, optical systeas,
photo~elactrical systems, and riego-electric asystems.

General considerations concerning the above-mentioned types of transiucers are given in Refs (Bl1) to
(B6) and (2).

3ignal conditioning equ.pment, used in comtination with transduceors for flight tests will be exten~
sively treated in a .ater volume of the Flight Test Instrumentation Series. Only some amrscts on signai
conditioning for transducera, used for position measurement are briefly considered in this volume.

The choice of a transducer and the associated linkage and signal conditioning sywtems for each par-
ticular application depends on many things, the most important of which will be btriefly discussed in this
chapter.

Avajlebility. On-the-ghelf availability can be a major consideration for choosing a specific type of
transducer, especially (btut not exclusively) for measurements with a short lead time. In addition to the
availability of a transducer with suitable characteristics and dimensions, the availability of suitable
linkages or signal conditioning equipment musi be considered. Several types of transducers are manufao-
tured with suitable linkages attached,which reduces the in-house development and installation time. For
many of the applicationa considered here, aeveral types of traunsducers could be used with equal suocesa. In
such cases the availability may be the decisive factor.

Experience. In newly developed aystems there is always a chance of unexpected trouble. The axperience
of the team which designs, installs and maintains the aystem with a particular type of installation may be
one of the main factors contributing to success. On the other hand, a wvatchful aye must be kept upon new
developuents, und for every application it must be considered whether or not other (nevcr) aystems will
better meet the requirementis. Conservatism can result in failure to use more suitable systems. It ias the
authors? opinion that conservatism is one of the main reasons that variable differential transformers are
not used more extensively nowadays.

Accuragy. The wtetic accuracy required for the type of measurements discussed here is in general not
very high, i.e. in the range of 1 £ of full scale. In exceptional cases, however, higher accuracies may be
required. An example is the very accurate measurcment of control surface deflections (0.3 % of full
deflaction) required for the method described in Ref.(3).

Neapuring range. The measuring rangs can vary considerably for different applications, from less than
1 mm to several hundreds of mm for linear displacements and from lesa than 1 degree to several times 350°
for arigular displacements. For measuring very small and very large displacements there are in principie
two possibilitiess either a linkage is inserted to increase or reduce the original displacesent to a value
which is measureable with the required accuracy by normal transducers, or a special transducer is used
which can measure the origirnsl displacement directly.

Linearity or conformjty. In most applications, transducers with a linear relationshir between the
position of the senasing shaft and the output can be chogen and a non-linear ralationship is necessary only
for special purposes. For non-linear transducers, the notion of oonformity is generally used. The term
conformity is principally used for potentiometers, because potentiometers are best suited for realizing
non-linsar functions., Therefore, terma like linearity, conformity, etc. are described in detail in
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Chapter }.0 on potentiometers.

Daoasic tespongy. Por sost of the measursasnts considered here the dynamic response requirvd will be
only a few Hs. Only in those cases where the dynsmic charscteristics of aysteme wust be investigated will
s higher frequency range be required, in general not higher than about 30 Ha.

nvireomertal gopditiong. The effects of temperature, pressurs, humidity, electro-magnetic fields,
vidration and shoak on the transducers will in many cases be 1ar-rtant conmidersti-ns when cho-ging a
transducer. In special cases other effects can be important, such as radiation, corrosive enviromments,
etc. Several measures can be taken Yy the manufacturer of position transducers to make his product better
resistant to the above mentioned conditions.

In several Nilitary Specifications about potenticaeters and synchros, detailed requirements about
envirormental conditions are given (Refs (4), (5) and (6)). It oust not be thought, however, that o trane-
ducer mesting all requirements of a Military Specification will provide an optimum solution under all cir-
oumgtances. It is, for instance, almost impossible to meet in an optimal way requirements for extreme
humidity and simultaneously for extremsly low torquej high humidity resistance is usually obtained by very
€ood sealing of the shaft, which ocannot be realised in a low tcrque transducer. A similar conflict arises
when the requirements for a potentiometer include long life and high vibration resistance. The first
requirement can only be met by choosing the wiper pressure as 1oWw as possible, whereas the second require-
asnt demande a high wiper pressurs.

Trpe of outpyt requireds The choice of the transducer may t¢ some extent depsnd on whether the in-
formation must be displayed on a pointer instrument or recorded on film or magnetic tape and, in the
latter came, whether digital or analog recording is required. The ready availability of many accurate
types of signal conditioning equipment has in recent years reduced the importance of this aspect for the
choice of tranaducers.

Beliability. Reliability is a very important consideration in the choice of the tranaducer and tne
associated measuring equipment. There are iwo aspectis:

a the messuring system must under no circumstances (in normal operation or after break-down) reduce the
reliability of the normal operation of the aircraft.

b the reliability of the measuring equipment itself must be such that loss or deterioration of informa-
tion is very improbable. This means that transducers with a relatively short service life (such as mome
types of potentiometers when used under adverse conditions) should only be uaed when the measurements
are of short duration or when suitable maintenance and replacement is an integral part of the test

procedures

Cogt. All aspects mentionad above affect the cost of the installation in some way or other. Though
in some cases cost may not be the primary factor, it will play an important part in the choice of the

aystenm,

3.0 POTERTIONETERS
3.1 Pringiple of potentiopeters

In the potentiometer, a sliding contact (wiper) moves over a resistance element, the Loginning and
end of which are usually connected to a voltage source, which can be either DC or AC. The wiper is mecha-
nically attached to the input shaft or rod and ia usually electrically insulated fiom it. The output of
the potentiometer depends on the position of the input shaft or rod.

3.2 Types of potentiometers

Concerning the movement of the wiper in .ngular position potentiometers, two types can be distin-
guished, viz.:
-~ the single turn potentiometer, in which the wiper movement is a rotation. Shaft rotatiun ranges up
to 355° can be realized with this type.




= the multi-turn potentiometer, ir. «hich the wiper movement is a cambination of rotition and trana-
latior. The wiper is driven along a helix by means of a lead screw. Shaft rozation ranges up to
about 60 x 360° oan be realised with this type.

: The wovement of the wiper in linear position potentiometers generally is a simple tranclation. The

. different iypes of wiper movement are shown in Mg. 3.2-1.
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; Pge 3.2-1 Wiper movement in angular and linear position potentiometers
A
-
[ Concerning the maverial of the resistance element in potentiometers, two types >f poterticneters can
' : he distinguished, vig. the wire potentiometer and the film potentiometer.
: Both types of elements can be applied in angular as well as in linear potentiometers, und in single-
E[ turn as well as in multi-twm potentiometers.
= General considerations on potentiocmeters are given in Refs (7), (8) and (9)-
|

3.2.1 MWire potantjiometers

A sizple form of wire potentiometer is the ™slide wire™ potentiometer, in which the wiper moves along
s single wire. The wire is installed in the form of a straight line in the case of linear position trane-
F ducers, in the form of a circle-arc in the case of single-turn angular position transducers, or in the
form of & mumber of turma in the case of multi-turn angular position transducers. Although slide wire
. potentiometers have the attractive property of almost infinite resolution, they are seldom used in posi-
{ tion transducers for flight test purposes as they have the disadvantage of ghort life time, caused by the

need t0 use very thin wire in order to get a useful 1esistance value,

] The oost widely used wire potentiometer nowadays is the wire-wourd potenticmeter (see Fig. 3.2-2),
| in which the resistance elument consists of an insulated resistance wire of a special metal alloy, wound
around a core. The insulation of the wire is removed where the wiper moves over the element.

i RESISTANCE
ELEMENT

LA A

TERMINAL
(ONE OF THREE)

SLIPRING - CONTACT

VO s -
NV i

TR W

WIPER

X Fig. 3+2-2 Construction of a single turn wire-wound putentiometer.

3.2.2 Mla potentjomcters

In film potenticmeters, the resistance element consists of a thin foil of metal, carbon, or conduo-
tive plagtic, over which the wiper can move.

Netal film potentiocueters are seldom used for flight test purposes, because life expectancy and
reliability are limited. This is caused hy the fact that, because of the low specific reaistivity of
metals, the foil must be extremely thin to obtain useful resistance values.

Carbon ard ocpductive iastic film potentiometers are being used more an. more often for flight test

It it aulitdie Ork Al At
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purposes. Due to the high resistivity, the resistance material of these potentiometers oan be much thicker
than in metal film potentiometers, remulting in longer life expectancy and better reliability.

3.2.3 Gharecteristics of potegtiemsters
In princ.ple, a potemtiometer for position measuresent can be used as & virisble resigtor or ss a
woltage dividyr (see Pig. 3.2-3). Applicstion as a voltage divider sust be preferred for the following

Teasonss
----0

O— VW TeYTY g
wepLY werLY ouTPUT
© O—l—O

Pig. 3.2-3 Potentiometer, used as a variable resistor (a) and as a voltage divider (v).

- In many cases the wiper-to—element resistince camnot be neglected with respect to the potentiometer
registance and vill, moreover, often vary oconsiderably. Nessuring the resistance between the wiper
and one of the end terminals will not provide a guod measure “or the shaft position, as the unknown
resistance affects the result. If the potentiometer 18 used as a voltage divider in properly
designed (high impedance) msasuring circuits, this generally unknow resistunce has a negligible
effect on the accuracy of the ssasuressnt.

~ In many cases only very small currents can be drmwm over the wiper, especially with film potentio-
neters. This requiresent can sore easily be met when the potexstiomster is used an a voltage divider
instead of a variable¢ restistor.

~ In non-linear film potemticmeters the resistance output curve can iffer seriously from the voltage
output curve because of the two-dimensional Sonfiguration of the element (Ref. (3)). Manufacturers®
specifications alvays assume application as voltage divaiders 1n such cases.

- The resistance of a potentiometer can vary seriously with vary‘ag teapersture or humidity. When the
potentiometer is used as a varisble res:stor, this temperature affect will directly influence the
measurement. When the potentiometer is used ac a voltage divider, (with a sufficiently high load
resistance) the temperature effeci on the output voliage will be nagligible.

Resolution with respect to potenticewter transducers cii be defined as ihe smallest displacement of
the input shaft that still produces a change 1n output.

When the wiper of a wire-wound potemtiometer 18 moved continuously, the resistance between the wiper
and one of the ends of the potenticmeter changess i1n steps (Pig. 3.2 . The voltage at the output of a
poventiometer will aleo change in steps, which are, however, not completely equrl, Their exact shape
depends on the type of power source ~nd on the geometry of the w.per. The resclution of such a potentio~
meter is, therefors, limited. It 3an be shown that the resclution of an ideal pcientiometer is better than
that given by the following formulae:

w:looi or

vo
Resolution (sn %) = 0.5 x Bupply vol tage

R 100
Resolution (in £) = 0.5 x number of turne of wire L

RESISYANCE

WIPER . DISPLACEMENT
—_—

-

Fig. 3.2-4 Resistance as function of wiper displacement in wire-wound potentiometzrs




Due to irregularities in the windings and in the wiper-to-wire oontact, the acocuracy of the measure-
ments with wire-wound potentiometers will often be slightly worse than this resolution.

To obtain a high resolution in a given case size, very fine wire has to be chosen. The wire disneter
isy however, limited by a number of factors, so that in practice it is not possible to wind more than
about 40 turns per mm without sacrifioing reliability and life expectancy. Very high resolutions in wire-
wound potentiometers can be obtained with large diameter cases and high element resistances. The maximum
achievable resolution for wire-wound position transducers as a function of the case diameter is approxi-
zately as followss

resolution = %OSADG degrees (D in om).

The maximum achievable resolution for wire-wound linear position transducers is about 0.02 mm.

Film potentiometers have an almost infinite resolution, depending only on the gramularity of the
material used. A resolution of about 4 x 1073 mm of wiper displacement can be obtained with these devices.
Linearjty and oonforgity are important factors in connection with the acouracy of potenti meters.

Thes: terms can be defined as follows:
Linearity is the maxinum deviation of a calibration curve from a specified straight line, generslly
expressed in percent of the full measuring range.
Conformity is the maximum deviation of a calibration curve from a specified non-linear curve, generally
expressed in percent of the full measuring range.

Several different types of linearity are used, especially for potenmtiometers. These will be discussed
below. In an ideal potentiometer with perfect linearity, the curve of voltage output (or reeistance out-
put) plotted against shaft position would be a straight line, which, as is indicated in Mg, 3.2-5, passes
through the points:

0 % voltage (or resistance) - O % position (A)
and 100 % voltage (or resis‘ance) - 100 % position (B).
The so defined straight line is called the "line of absolute linearity”. In rractice, however, perfect
linearity does not exist, and there will always be deviations from the ideal straight line. The maximm
deviation of voltage-output (or resistance output) from the absolute linsarity line is the "abeolute
linearity®, generally expressed in percent of the total applied voltage and sowetimes in percent of the
total resistance.

In a non-linear potentiometer, the curve of voltage output (or resistance output) plotted against

shaft position would be a curved line, ideally passing through the points:
0 % voltage (or resistance) - 0 % position (4)
and 100 % voltage (or resistance) — 100 € position (B).
The #0 defined curve (see Pig. 3.2-6) is called the "line of absolute conformity”. In practice, perfect
conformity does not exist, and there will always be deviations from the ideal curve. The maximum deviation
of voltage output (or resistance output) from the absolute conformity line is the “absolute conformity”™,
generally oxpressed as percent of the applied total voltage and sometimes as percent of total resistance.

Nost potentiometers have some “end resistance”, that is, resistance between the wiper and an end ter-
minal or tap, when the wiper is positioned at the corresponding terwinal or tap. This resistance is not
only caused by the contact resistance between wiper and element but also hy the resistance between ter—

uinals and element. Especially for film potentio-

100 % 8 meters,this resistance can have an appreciable
7 ACTUAL OUTPUT value.
— )
uTPLY The "end resistance™ in potentiometers is one
| — oesimeo ouTeuT
1 LINE OF ABSOLUTE of the reasons why the actual output line often
WAX. DEVIATION  INEARITY") does not pass through the pointa:
0 £ voltage (or resistance) - O % position
and 100 £ voltage (or resistance) - 100 € position,
POSITION
A -
13 100%

Pige. 3.2-5 Absolute linearity in a linear
potenticmeter
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This is shown in Pigs 3.2-7 and 3.2-8 for linear
ACTUAL OUTPUT and non-linear potentiometers. For this reason it
| pesinen outeuT has beocome OONMON usage, especially in mamufeo-
(**SPECIFIED CURVE"") turerd specifications of potentiometers, to spe~
. DEVIATION cify the independent linearity for linear poten-
tiometers und independent conformity for non-
linear potenticmeters. These terms are defined as
followss

—_—

vy T Indspendent Jinearity is defined as the maximus
deviation of the actual measured output with

Pig. 3.2-6 Absolute oconformity in a non-linear respect to a straight line, dram in such a way
potentiomnter

that tae sum of squares of the deviations is
ainimised. This line is called the “"best
straight line” or the ™indepsndent linearity

ACTUAL OUTPUT

— "BEST STRAIGHT LINE™ 1ine". Deviations with respect to this line are
. DEVIATION known as independent linearity errors.
Indepengent oconformity is defined ss the maxi-

aum deviation of the actual measured output
with respect to the "best specified function

A —_— JL curn‘.dmninumhavuthtthomof
ws squares of the deviations is minimized. This
lire is called the "independent conformity

M ndepend inearity i DOWUr
& 3217 L‘m“::“:. yinall curve®. Deviations with respect to this curve

are known as independent conformity errors.
Angular position potentiometers with large

TOU"‘" — ACTUAL OUTPUT case dismeters generally have a better linearity
== **REST SPECIFIED CURVE" than the small-size types. Obtainatle linesrities
X. DEVIATION with wire-wound angular position potentiometers
ares

- about 1 % for potentiometers with case diss-
eters smaller than 15 am
- about ".02 % for potantiometers with case dim-

w0 eters from 15 - 50 nm
Pig. 3.2-8 Independent conformiiy in a non-linear - about 0.002% for potentiometers with case dias-
potentiometer eters from 50 - 250 om.

Case diameters larger than 50 mm are, however,
seldom used for flight test purpcses dus to space
limitations.

The obtainable linearity with film-type angular position potentiometers can be 0.07 ’-
The linearity for wire-wound and fila potentiometers in linear displacement transducers is between
0,05 and O.1 % of the full stroke.

Specific non-linear relationsbip between opersting shaft and output oan be realised by the mamufac—
turers of potentiometers in different wayw, for instancst

« ty shunting parts of the potentiometer Wy fixed resistors, mounted inside the transducer case

- by varying the vire spacing, wire dismeter, or oore dimensions of & wire-wound potenticaeter

- by varying the shape of the resistance element of a film potentiometer by local changes in film

width and/or thickness.

The characteristics of film potentiometers are slightly different from those of wire-wound potentio-
meters becsuse of the two-dimensional configurstion of the element (see Ref. (8)). It sppears, for
instance, tha: in tha case of a non-linear film potentiometer, the curve for resistance versus shaft posi-
tion can differ significantly from the curve for voltage versus shaft position, whereas these curves al-
ways have the ssme form for wire potentiometers. In general, this effect will nct limit the possible appli-
cations of film potentiometers, but it is all the more a reason potentiometers should be used as voltage
dividers rather than as variable resistors.
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Ko-lineer relationships between displacement and treansducer oulput oan also be realised by opersting
& linsar trensducer via a non-linear linkage or ty shunting parts of the potenticmster Yy fixed resistors
outside the case.

Yon-livear potsntioneters are seldca used for the position measurement considered in this volume. In
a fouw cases, however, the spplication of non-linear potentiometers can be used as a means ic canocel out
pon- linearities ocsused bty mechanioal linkages, eto.

A epecial type of non-linear potemtiometer is the sine-oosine potenticueter (Refs (Bl), (55) and
(7)) Pour insulated bruahes, located accurstely st the cormers of a square, move in a circle across a
flat surface »f & resistance slenent (ses Mg, 3.2-9), whick can be either of the film type or of the wire

type. The voltage differences between dia~

[
" metrioally opposed brushes are proportionsl
srusH circre [ T to the sine and cosine of the angle of rota-
tion, In position transducers for flight test
€.C05a - I V°U‘°: SUPPLY purposes, thess potentiometers are seldom
i used.

caomTHIRE [ @ L8

Tape in potentiometers are fixed eleo-
trical comnections that can be used:

Pig. 3.2-9 Principle of sine-ocosine potentiometer = 85 a voltage reference. If such a tap is
used as "centre tap®, zero output is ob-
tained at the centre position of the
wiper (wee Fig. 3.2-10)

- when the measurement range only corresponds to a part of a }60° turn. Potentiometers witi multiple
taps are very useful for obtaining a quick solution in such cases.

~ to shunt parts of the potentiometer in order to influence the relationship between wipecr position and
output. This possibility is seldom used in flight test position measurements because in such cases
non=linear potentiometars can provide mush better accuracies.

For wire-wound potentiometers, a tap within the measuring

range has consequences if one or more windings are shorted

by the tap, vis.:
- decreage of local resolution (larger desd rone)
- increase of linearity errors.
In the ideal case, which carmot easily be realised, a
tap is made on one single winding and the above mentioned

disadvantagas do not exist. For film potentiometers, two
Mg. 3.2-10 Potentiometer with centre tap types of taps can be distinguished:

~ the "sero width taps". Such taps give negligible dead zones. However, only very small currents (a fed
mA) may be drawn over them, bucause the resistance between each tap and the element im relatively
higax (a few tens of ohms).

— the "sero resistance taps™ or "ourrent taps™, which have a resistance of only a few ohms and are ca-
pable of carrying currents up to about 50 md. The width of such a tap is generally not negligible
(winimua about 0.5 mn) and introduces a dead zone.

Resigtance values for normal types of potentiometers for flight test purposea are from a few hundreds
to a few thousands of ohas. Special types can have lower or higher values.

owabl We. tings for normal types of potentiometers for flight iest purposes are from
0,5 W to 5 W, Special types can have higher ratingsa.

Sigeg of potentiometers. In many specifications or dimensions of potentiometers, the notation "sise
mmber® is used. This sise number represents the maximum outside diameter in tenths of inches. Fractions
of tenths of inches are rounded to the next higher tenth. ior instance, a potentiometer with a diameter of
1,08 inch is designated as &n 11-sisze potentiometer. Moei communly used sizes for potentiometers for
flight test work are sises 8 and 11.

k.
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The temnerature fenge within which potentiometers may be used is from -60° C to +100° C for relatively
common <ypes and -60° C to +250° C for special types. The latter may for instance be required when flight
tusts at high Nach numbers have to be performed.

I+ must be kept in mind that in some oases the temperature rise caused by the electrical power die=
sipation in the potentiometer cannot be neglected. This is especially true for low-resistance potemtio-
meters that will be chomen, for instance, when direct indicating instrumenta have to be connected. In most
sanufacturers' specifications, the tempersture limitations are expressed in two valuest

= & value of the temperature rise ocourring at the maxisum allowable power rating
- a maxisum value of the envirormental temperature in which the potentiometer is used.

It must be kept in mind that the sctual limiting factor is the tempereture of the potentiometer ele-
ment, which is subject to the sum of these two. In cases where there is sppreciable power dissipation, it
is safer not to use the potenticaeter at environmental temperatures higher than the specified maximun
environmental temperature minus the temperature rise due to power dissipation.

Josding arzor with respect to potentiometers is the effect that results because the output of a
potentiometer deper..3 on the current that is drawn through the wiper. In Mig. 3.2-11 a potentiometer with
& resistance % has a supply voltage E and is loaded hy & resistance RL.

The wiper divides the potentioaeter in 31 and 112.

¢,___1 The current through Rl will divide at the wiper into a
‘E ", part passing through RL ard a part passing through Rz.
Ecurory M Thus, the current in Rz ic smaller than the current in
g” % n e Ry, and the voltage E_ . will become lower by the pres-
ouT ence of the load resistance RL' Pig. 3.2-12 shows the
¢? effect of loading on the output of a linear potentio-

Pig. 3.2-11 Potentiometer with losd resistor meter. The error is sero at both ends of the travel and
maximum about 2/3 from the sero voltage end.

0% The magnitude of the error and the location
ouTPUT of the maximum depend on the resismtance ratio,
VOLTAGE —— OUTPUT WITHOUT LOAD

i.8., the retio of the lcad resistance to the
slement resistance (Ref. (9)).
The maximm error is approximately:

= OUTPUT WITH LOAD

~ MAX. ERROR

15
Naximua error = resistance ratio <

Por instance, for a potentiometer of 1 K2 and a

7% 100 % load resistance of 20 KO , the maximum error
0% WIPER POSITION sacurts to 32 %= 0.75 % The losd effect can be
- ainimised by choosing a high load resistance
Fig. 3.2-12 Loading effect for a linear ratio. To achieve this, it will sometimes be
potentiometer

necessary to use an amplifier between the poten-
tiometer output and the lomd. Compensation of the losd effect can be achieved by applying a non-linear
potentioneter and matching both non-linearities. This is, however, a very expensi’e method, usable only
when the potentiometer is always loaded in the same way.

For flight test purposes, linear potentiometers with a lowd resistance as high as possible are usual~
1y chosen #o0 that the effect is negligiblej the residual influence can be cancelled out by overall cali-
bration of the measuring system.

Joigg from a potentiometer is defined as the fluctueting distortion of output that is not present at
the input as voltage fluctuation or shaft sovement fluctuation. Noise acts ss an sddi*ional voltage source
in the measuring circuit combined with a varying resistance in series with the potentiometer output lead.

Some sources of noise are:

a) varying resistance between wiper and elament, especially during movement of the wiper

b) conmtact of the wiper with more than one winding of a wire potentiometer

¢) presunce of dirt m.d ccrrosion on wire and wiper

4) vibration of the wiper and wchatter® when the wiper moves quickly across the wire element
e¢) galvanic and chemical action between wiper and element.
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Noise is most commonly expressed in ohms and is then called Kuivalent Noise Resistance (HNR),

In Bef.(5) tie following method for measuring this HNR in wire potentiometers is desoribed. The poten-
tiometer ehall be comeocted .o a constant current scurce of 1 mA and to & high impedance oscilloscope as
shown in Fig. 3.2-13. During the test, the shaft shall be rotated in both directions at an angular rete of
4 revolutions per aimite. The equivalent resistance

PO ENTIONETER shall be ocalculated using the following formulas
TO 82 TESTED 5
noise = ohas, where £ = measured peak voltage
O.Wl P
(Y in volts.
CONSTANT osCILO -
cuRRENt y score Before the measurement takes place, the poten-
Souce ve tiometer shaft shall be rotated 10 cycles. In most
VOLTAGE ACROSS
COMTACT RESISTANCE specifications, a maximum of 25-100 ochas is given as
‘ the 2llowable value for the BSR 80 measured.
: Mg. 3.2-13 ﬂ.::" for rotary wire potentio- For conductive fila potentiometers, the ENR,

i when measured as descridbed above, will generally
show a large IC ocomponent (sometimes called IC offset). This is due to the rather high contact resistance
betveen wiper and film (often about 2 % of the total resistance). When the noise of film potentiometers is
meagured, the steedy componemt is generelly blocked hy comnecting a 0.1 uF capacitor in series with the
oscillosoope imput.

Lov noise can bde obtained if the manufacturer takes steps to provide it, such as proper desiga of
contact arms, carefully oalculated comtact pressure, clean assembly conditions, etc. Noise can generally
be ninimised by avoiding high wiper currents, i.e., by applying high resistance loads. The effect of noise
on the measuring circuit can be kept to a low level by app.ying filters.

4.0
4.1 Pripciple of smohros

A synchro is an electromagnetic device in which the angular position of a shaft determines a unique
set of AC output voltages or, conversely, in which a shaft is moved t» a ocertain angular position deter-
¥ined by a unique set of AC input voltages. The name "smynchro” :ndicates that these units are mainly used
to tranmit a shaft rotation electrically from one place to another (“electrical axis"). In this applica-
tion two in principle idemtical units are clectriocally intercomnectedj rotation of the shaft of one unit
(the “tranemitter”) then reeults in = gynohropous rotation of the shaft of the other unit (the "receiver®),
at least at low speeds. For flight testing, synchro trensmitters are often used without the reoceiver. The
output voltages are then converted to DC or digital smignoals by signal conditioners. Such synchro-to-DC or
‘ synchro-to-digital converters can also be connected to an existing synchro chain.
, The basio structure of the synchro consists of a stator and a rotor, both of which carry one or more
ocoils.

The power to or froa the rotor is generally supplivd via slip rings. The normal power supply for ayn-
chros used for flight test applications is 26 ¥ or 115 V with a frequemcy of 400 Hs.

¥ig. 4.1-1 shows a typical synchro.

General oonsiderations on aynohrus in position asasuring wystems are given in Befs (11) to (1a).
; PRECISION FLANGE

Quilindlc | o2 v A0

4.2 lypes of synchros
Synchros can be classi-

fied in three main groups:

HOLES FOR ; torque elements

NOUNTING

SCREWS oontrol slements

resclver elements.
Within theee basic

WM FOR ALTERNATIVE

AP MOUNTING groups there are additional
differences, depending on
Pig. 4.1-1 Typioal mynohro the individual functions in

angle-trensmission aysteams.
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Kements in the above mentioned groups are:
tranmitters
receivers
differentiale
oontrol transformers.

Before more details are given about the three main groups (Sections 4.2.2 to 4.2.4), Section 4.2.1
gives definitions of the most important elements. There are special types and forms of synchro elements to
neet particular requirements. These will be treated in Section 4.2.5. In Section 4.2.6 some attention is
given to a number of special synchronous remote indicating aystems. These systems are, however, based on
prinociples differing somewhat from the normal smynchro prinociple. In Section 4.2.7 a short description is
given of a special DC synohronous system that was originally developed for direct-indicating purposes and
is still occasionally used for flight tast purposes.

4.2.1 Definitions of synohjo sleagrty
A forgue trengmitter is e synohro which transmits electrical information corresponding to the posi-

tion of the rotor relative to the stator. this aynohro is designed primarily for operation with receivers
and torque differential transmitters. The unit can aleo be used with signal-conditioning circuita with
relatively low input impedance.

A torgus receiver is a aynchro which converts the electrical information received from a torque trans-
mitter into a torque applied to the rotor, thereby turning the rotor to a rosition relative to the stator
corresponding to that of the torque tranmaitier rotor. This synchro is designed prisarily for operstion
with torque transmitters and torque differentisl transmitters.

A torgue differential trensmitter is s synchro which when comnccted to an energised torque transmit-
ter, transmits electrical informstion corresponding to the sum or difference (depending on the intercon-
neoting wiring system) of the angular positions of the rotors of these two units relative to their respect-
ive stators. This synchro is designed primarily for operstion between a torque trsnsmitter and a torque
receiver,

A torgus differeutial receiver ie a synchro in which the rotor is forced to sssume a position with
respect o the stator equal to the sum or difference (depending on the interconmnecting wiring system) of
the elsctrical angular information recsived by its stator from one treansmitter and bty its rotor from a
seocond tranmmitter. This mynohro im primarily designed for operation with two aynchro torque tronmmitters.

A goptrol trenspitter is & symchro which transmits electrical information corresponding to the posi-
tion of the rotor relative to the stator. This synchro is designed primarily for operstion with control
trensyormers and high input impedance signal-oonditioning cirouits.

A goptrol trensfoImer is s synohro which, when connected to an energised oontrol iranmmitter, gives
an output signal proportional to the sine of the difference of the angular positions of the rotors of the
connected units relative to their respective stators (error voltage). This synchro is designed primarily
for operetion with oontrol trensmitters and control differemtial transmitters. The rotor output is general-
1y connected to a servo agystem which tums the rotor until the rotor output is sero.

A gomtrol differspitial transmitter is a synchro which, when conmnected to an energized control trans-
mitter, tranmmits electrical information corresponding to the mum or difference (dwu on the inter-
comnecting wiring system) of the angular pomitions of the rotors of these two units relative to their re-
spective stators. This mynchro is designed primarily for operation between a contirol tranmitter amd a
ocontrol trensformer.

A pemolver trangmitter is a synchro which has two perpendicular windings on the wtator and generally
two windings on the rotor. The resclver has its rotor mechanically positioned for transmitting electrical
information, corresponding to the angular position of the rotor with respect to the stator. This gynchro
is designed primarily for use with resslver control transformers and resclver differential tranmmitters.
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A remolver coptrol ISRALSINer is & synohro which has two perpendicular windings on the stator and
generelly two windings on the rotor. This resclver trensforme electrical angular inforwation from the ste-
tor 10 a voltage proportional to the sine of the difference bLetween the slectrical input angle and the re-
solver ocortrol rotor angle. This mynchro is designed primarily for use with resclver transmitters and re-
solver differeatial trensforners.

A ramolver differential iv a synchro which has two perpendioular windings oun both the rotor and the
stator. This resolver has its rotor sechanically positioned for modifying electrical angular information
received from a tranmmitter and re-tranmmitting the electrical informaticn, corresponding to the sua or
difference (depending on the imtercomnecting wiring mystem) of the electrical input angle snd its rotor
position angle. This gynohro is designed primarily for use with resoclver transmitters anmd resolver control
treansformers.

A 3rappolver is a gynchro which has a three-phase winding and two single-phase windings, either of
whioh may be the rotor or the stator. It can be regaried as a combination of a synchro’ocontrol transforaer
and & Tesclver. The unit oan be used for & wide variety of appliostions. Transolvers form the bridge be-
tween the three-phase devioces on one side and the resclvers on the other side.

More definitions on synchros are given in Mef. (15).

4-2.2 Torgus synohros
Torque synchros are used for the trunmission of angular position informetion and for the reproduc-
tion of this information hy the posaition of the shaft of the receiver, which can, for instance, drive a
pointer or s met of pointers in a direct-indicatioag instrument. Nisaligneent between the shafis of the
trensmitter and receiver synchros increases with the mechanical load on the receiver shaft, and for this
reagon these mynohros give the highest acourecy when the receiver systeme have small inertia and sre well
balanced. The aystem is not powar-amplifying, and henoe ary mechanical load acting upon the receiver is
fod back as & load for the trengmitter. Both the transmitter and the recsiver have a three-phase stator
and s single-phase rotor winding.
The principle of the torgque system is as follows: The rotors of both trensmitter and receiver are
energised from the AC supply (see Pig. 4.2-1) and produce an alternating flux in their corremponding ste-
tors. If the relative position of rotor to stator in
’,""“\ N the two mynchros is different, the three woltages
S TRANSMTTERY, [/ mecuiveR Y\ created in the two stators ky the alternating flux
differ, csusing currents in the lesds commecting them.
Then torques are produced in doth synchros, acting
upon the rotors. These torques try to eliminate the
difference in voltages, i.e., to align the two rotors.
Generally, the tranamitter rotor is fixed by itas me-

P

AC SUPPLY
chanical input and the receiver rotor is free to tum
Mg, 4.2~1 Torque mynchro AC-ireansmission so that it aligns iteelf with the trensmitter rotor.
- Thus, any movement of the trwn.ritter rotor will be

repeated "gynchronously®™ bty a corresponding movement of the receiver iotor.

¥hen the rotors are aligned, the corresponding voltages of both stators are squal and no currents
flow in the intercomnmecting leads. The voltages between the three stator lines are visualised as functioms
of the rotor angle of the aligned trensmitter and receiver in Pig. 4.2-2. The voltages are given as a
function of rotor position and not as a funytion of time. The three AC stator voltages are in time phase,
vhereas with respect to the rotor voltage they have a phase shift of 8 to 20 degrees (leading) for amal:
xynchros and of 2 to 8 degrees (leading) for large types.

The voltages Detween the three stator lines under static conditions are given as functions of the
rotor angle bty the following equations:
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wheret
l‘ e paR. induoed r.a.s. 1line wltage
'1' I! ol 13 ® TelieB. VOltages between the three stator lines
e = rotor position in degrees.
Pig. 4:2-2 and the above
L) y N given formulae also hold for a
?:._?:.1 single synchro trensmitier, not
connwoted with a receiver.
Proa the adbove squaticns
the following relstions can be
noro-;;o:rm derived:
- (;‘z )
ootga = \/3 +1
cotg & = - (E . 1)
Pig. 4.2-2 Stator voltages as a function of rotor positiocn V3

These show that the angle ¢ is
independent of the supply voltage 'h and is fully defined (within ¢ 360 degTees) Wy the ratios between the
stator voltages. Changing the excitation voltage will influence the picture in Pige 4.2-2 only with re-
spect to the voltage amplitudes and mot with respect to the retio of the three woltages to each cther.

For flight test purposes it is possible to oommect two (or more) receivers in parallel to one trens-
mitter but, in generul, such additional receivers are liable to impair the acourecy of the aystem if 0o
special precautions are taken. Missligmment due to exowszive mechanioal load on one receiver shaft is re-
flected back imto tha aysten amd affects the accuracy of all other receivers. This sutual interferenos can
be reduced bty using receivers with higher stator impedances. The mumber of receivers that can be opersted
depends om the power rating of the trenmmiiter.

1f the difference or the sum of two anjles must be measured, a torque differential transmitter can be
inmerted in the trensmission chain, The differential torque trengmitter has a three-phase rotor anmd stator.
Ite stator is comnected to the stator of the trensmitter and its rotor to ihe stator of the receiver (see
Mg 442=3). The angle of the output shaft of the receiver is the sum of the angles of the rotors of the
trenmmitter and the differential tranmmitter. The difference instead of the mm of the two angles can b
obtained Yy reversing any two intercomnecting leads between the statcre of tranmmitier and differential
‘ trensmitter.
| The principle of the torque differemtial receiver is allied to that of the torque differential trans-
mitter. This device, when comnected to two trenmmitters, will produce a shaft output angle which is the
sum or the difference of the shaft angles of the two trenmmitters.

The transformation ratio of torgue differentials is generally 1:1, btut scwetimes it im slightly wore
to compensate for the woltage drep in the systes.

- -~

""""""""" 4.2.3 Comtro] gmochroy

" “raansuTTER . unnnmn. R YT, LI
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S TRARmmTIER Conmtrol synchros are employed in a
data transsission systea, in which a

B r"‘j L’.ﬁ =y
STATOR nnon STATOR chanism which may have large inertia or

servo aystem is required to drive a me-

\
~- : - - Tr‘ ~— = " requires a greater torque than can be
............... ACsuPPLY provided by a torque element.
Pig. 4.2-3 Torque synchro-trensmission system with insertion As in the of torque ¢ -
of s differential tranmmitter sion, the rotor of the control transmit-

ter is energined frow the AC mupply (see

L--n_—-‘-—-___ e e e i —
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Pige 4:2-4)c The receiving aynohro is called a control transformer, and the rotor is not energised but
provides the imput for an electronic amplifier., Both the trsnsmitter and the ‘rensformer have a aingle=
phase rotor and a three-phase stator.

When the rotor of the trenmmitter is energised, tky thres line voltages induced in the stator vary
with the rotor position (see Pig. 4.2-2). These voltages, supplied to the stator of the control trans-
former, reproduce the direction f the altermating trsnmmitter flux and, Yy irensformer action, a voltage

is generated in the rotor. This voltage is

JURE L . R mplified and fed to a servo motor which drives
'."innunna'\ K 'm. . the mechaniam to be controlled (for instanve,
/ noton ROTOR \\. AupLIFIER & pointer via a gear train) and also the rotor
:uc"u " ' ' ? o' the control transformer. The rotor is
\\ STATOR $TATOp J.,D_._ driven to a position at a right angle to the
M e i-" WOTOR flux reproduced in the control trensformery
then the rotor cutput voltage is serv. Any
Mg. 4.2-4 Comtrol gynohro-tranmmission mystem change in - the position of the trenmmitter

rotor alters the direction of the flux in the

control tranaformer and a woltage is produced in the conirol transformer until the drive re-nulls tue
rotor. Ambiguity of sero poaition of th> rotor im avoided bty phase disorimination in the amplifier or the
servo motor. Generslly a two-phase induotion motor is used, of whioh one phase is oontinuously eneryised,
whereas the other phase is conasected with the amplifier output. The ountput power of such a gystem depends
only on the power output of the saplifier and servc motor. Ry means of such a servo systen very saall
tranmitts~s (small foroes) can operste relatively heavy mechanisms.

The output of a ocomtrol trensmitter can alsc be recorded hy trace recorders or nagnetic tape data re-
ocording systems by insetiing a mynchro oonverter as a signal-oonditioning unit. Several types of such con-
verters from synohro output to IC or digital are commercially available.

In a siwilar mammer tu that #-2uribed for torque synchros, the mum or difference of two angles van be
transmitted 7y w:ing a comtrol differential transmitter. This differential ‘renmmitter is <hen inme~ted
bet }een trenmsitter i trensiorwer ss shown in Mg. 4.2-5,

asevan -
.....
“~ .~

-~ 'QMHITTII ‘ R N"lllﬂﬂkl.\ < comreoL
'
\ ,' TRANSMITTER * ° TRANSPORMER

svnoc‘t'

WPPLV \

Mg 4.2-5 Contr.. synchro-trenmmission system with insertion of s differential treusmittsr

4.2.4 Ramlvers
The clascical fuuction of & resolver, as the nane implies, is to remclve a vector into its components,

ory, in other words, 0 wonvert voltageo representing polar co-ordinates into voltages representing oarte-
sian co=ordinates.

In gereral, the resclver consiats of a rotor with two coils, wound in space quadrature, and a stator,
alsv with two quadrature coils (sve Pigs 4.2-6 and 4.2-7). Bnergising one rotor ooil with & voltage B in-
duces a voltage in ore stator windingj this voltage varies scoording to the sine of the rotor position
angle &« The voltage induced in tho other stator winding, which is in space guadreture with respact to the
first, varies acoording to the cosine of the rotor position angle &. The two outputs are thus B sin « and
B cos ¢ (assuming a unity ratio betwesn rotor and stator windings), which are the components of the inmput
vector E. In this spplioation the seocond rotor oocil is short-circuited,
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The wector resclution funotion is reversidle, so that if

JCE voltages ‘x ond I’. repressating vector components, are appliod
',o"lnourn Y tn the inputs of the resclver (see Fig. 4.2-7), the correspond-
] ;" :] E ‘\‘lm, ing polar co~ordinates (R, &) can be obtained. To realise this,
:: one of the rotor windings is connected to sn amplifier and a
™ g I I ','OUT servo motor. This motor drives the rotor to the position where
e .,v' sero voltage appears acrogs this winding. The other rotor wind-
e byma ing is then in line with the flux axisj the induced voltage in
this rotor winding is proportional to the smplitude of the al-
Mg 4.3-6 Mesclver as a convertier ternating flux, i.e., proportiomal to
from polar co-ordinates
into cartesian co-ordinates
‘Ollt - +* .

This voltage reprecents the modulus of the pelar vector. The mhaft position represents the arguaent
of the rolar vector,

e = o tg .
ANPLIFIER

Pesolvers oen also be used in ocontrol wystems
«xaotly like those descrided in Section 4.2.3. Por
wuch sppliostions the units are referred to as:

- regolver trenmmitters,
- resolver differentials,
- restlver oontrol transformers. Eout

Yor more details on resolvars, see
Pige 4.2-7 Resolver as a converter from cartesian oo-
Mate (35) and (16). ordinates to polar co-ordinates

4.2.5 fescial tynes and forms of sYnohrc slwments

To aeet requirements for which normal gynohro types cannot be used, special types and forms of «yn-
ohro ¢lements are aveilable. Such special types are available for cases where an extremely high acouraocy
or an extremely high life expectancy is required, where the available volume dictates special dimensions,
or where only a very low driving torque is available.

Nechazioal multispued syachros (Befe (25) end (37))

To increass sccureqy of a Eynchro measuring system, a coarse and fine indication systes can be chosan.
Tuie inplies that the transducer contains two mynchros in one housing, one of which, the fine mynchro,
nates ¥ revolutions for one revolution of the coarse mynchro, where ¥ is the ratio of the mechanical gear-
ing between the two synohro shaftis.

In genersl, the socureqy that can be obtained with such systems is about 3 minutes of arc, deteriorat-
ing, however, with wear.

Rasctrical mutisesed smokros (Refs (25) snd (A7)

This synohro type has also been developed to meset high accuraay requirements. It contains two separs-
te sets of winlings on the common corss of both rotor and stator. One set of windings (the "2-pole seo-
tion") is arrenged as in a normal mynchro trensmitter. It produces the normal output cycle of a synchro.
The other set of windings (the "multi-pole section®) is mc arranged that the output voltages produce
several gynmohro output oyoles for one rewolution. In Fig. 4.2-8 these outputs are shown for an eleven-to-
one ratio bDetween the mynohro speeds.

Accurecies of up 0 10 seconds of arc oan be obtained with this system. A disadvantage is that gener-
ally a)ightly larger housings are required.

Brushlesa sacuron. (hafs (14) apd (18))

A weakness in the design of standard mynchros is the brush-slipring interface, necessary for the
electric rotor oconneotions. Bepecially the life expectancy is limited by this component, because it is
1iable to mechanmioal wear and deteriorating electrioal ocontact. When long life expectancy is required,
brushless rynchros may solve this problem.
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Two types of brushlese myn-

3 POLE SECTION 22 POLE SRCTION
! chros are degscribed below, vis.t
g - the electromagnetic type
“ SHAPY - the hai type.
"t i e ROTATION ¢ hairmpring type
5 . 5 Ancther, very special bhiuah-

less gynchro, the so-called "syn-
chrotel™, will be described in

U | D\U/G Section 4.2.6.

Eagtronssnatio-tyes brushlass
Fige 4:2-8 Output woltages for one revolution of the shaft of an eleo-
trical eleven-speed mynchro (only one phase of each output JIRSAIOS

1e shown) This mynchro uses a rotary
transformer as a means of woltage
or current trensfer to the rotor. This methcd allows comtinuous rotation of the synchro even at relctively
high speeds. The transformer has some effect oL performance charscteristics, such as impedance level,
phase shift, and influence of tempereture, so that they ire generally not directly interchangeable with
normal types of synchros.

Iairspring-Syne hrushless gynohros

If & synohro-is required to operate within a limited angular ¢isplacement range, the connections to
the rotor winding can be sade through flexidble leads or hairsprings. The unit is normally supplied with
mechaniocal stops to prevent damage to the hairsprings due to excessive shaft rotation. Generally, the to-
tal movement is about 350°) however, movements of 600° are possible in special types.

The advantage of a hairspring synchro over an electromagnetic brushless synchro is that electriocal
paremeters are not influenced. These wynchros can, therefore, generally be interchanged with nomal syn-
chros.

Linsar synchros (Mefa (R1), (1)) and (14))

This typs of synchro, soaetimes known as induction potemtiometer (Refs (BEl) ard (11)) or linear
transforser (Refs (14)), may be considered as a special kind of resolver. It consista of a single-phase
stator and a single-phase rotor. The rotor usually carries the excitstion winding, the stator the output
winding. The stator output voltage sust be seasured Ly a phase-sensitive circuit because for one half of
the measuring range the output voltage is (approximately) in phase with the supply woltage, and for the
other half it is (spproximately) 180° out of phase with it.

The principal difference between & linear mynohro and a resolver is that the cutput of the former
changes linsarly with the input shaft angle and that the latter changea linearly with the sine of that
angles This linearity is achisved bty a non-uniform distritution of windings and of the slots containing

OUTPUT VOLTAGE these windings.
T“" PHASE) The rotation is usually limited to the range of about
-50° to +50%. Bayond thib renge the plot of output voltage
against rotor position tends toward a sirmuso¥d (see Fig.

4:.2-9).
SHAFT POSITION Obttainable accurscies are on the order of 0.1 %
OUTPUT VOLTAGE s }{] and

L 180° OUT OF PHASE)
As the names imply, these synchros have a much smaller

Pig. 4.2-9 Shaft rotation versus output length-to-dismeter ratio than standard synchros. They are
wltage for & linear mynchro primarily intended for use in gyroscopes for gimbal-position
trangmitting and are often supplied as separate stators and
rotors which can be mounted on existing shafts.
This special form may sometimes be atiractive when the space available for the transducer is limited.
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Toanscivars (Bafe (10) amd (1))

The treansolver is a special type of resolver. As shown in Mig. 4.2-10 it ia essentislly a normal syn-
chro ocontrol trunsformer with & second rutor winding wound in space quactrature to the main winding.
‘ The transolver is used in systems where it is
e .~ desiredble to convert three-wire data to four-wire
s TRANSOLVER™, data.

o

- -

4.2.6 Jpacisl AC synchronous SYN'SAR

Synobrote) (Refe (B1) spd (Q9))

The mynchrotel (a memifacturer's trede mirk) is
a myncaro that can funotion as a very-low-torque
Mg, 4.2-10 Intermal wiring diagrem of a

transolver oontrol transformer or as & iranmitter.

Pig. 4.2-11 shows un exploded view of this de-
vice. A single-phase winding ("stationary rotor 00i1") surrounds the cylindrical oore. The stator is of
the oonventional three-phase aynchro type and also surrounds the core. The rotor consists of an oblique
CYLINDRICAL section of a hollow oylinder sttached to one end of
the rotor shaft. The oblique section rotates in the
clearance between the core and the two coils. The ro-
tor is sade of aluaimum and has & very mmall weight.
As there are no brushes and no electrical reaction at
the null, the positioning torque need only overcome
the friction of the bearings.

In operation as a control trsnsformer, the ste-
CAsE ey, Ton RoToR tor windings are excited with altemnating voltages,
Pig. 4.2-11 Exploded view of » synchrotel which produce a redial altemating flux. The portion
of this flux that links the alwminum single~turn loop
rotor, induces a current in this loop, which, in tum, produces an axial oomponent of altermating flux in
the cylindrical ocore. The flux in the oore induces an alternating voltage in the stationary rotor winding
with an amplitude that iz a sinusoidal funotion of the relative positions of the rotor and of the stator
redial flux.

The low-inertia, low-friction, movable element can he coupled to mechaniems which can orly te light-
1y loaded, to oconvert rotary movement intu an AC output signal with the relatively high degree of acouraxy
of about 1°. The unit is used for the measurenent of diaphragn and bellow-displacemert in aircraft pres-
sure transducers, altimsters, airspeed tranasducers, etc. In principle, it is posaible to use the element
in position transducers, especially vhen extremely small driving torque is available.

The synchrotel has lost its importance since simpler and more acourates low-torque transducers have
become available.

This is a system with a three-phase stator and a permanent magnet rotor. In a direct-indicating system
the trensmitter and receiver are identiocal and are interconnected as shown in FMig. 4.2-12.
The theory is somewhat involved. It is based on the princi-

TRANSMTYER . TN "'!—gfv“ ple that harmonic voltages are induced in a coil placed in a sa-
“{i 1 (Jg‘ tureted field generated by a sinusoidal supply power. If the ro-

[’L‘-’\ AC SUPPLY J’"‘W tor of the receiver is not correctly aligned with that of the
t{ransmitter, harmonio currents will flow between the tranmmitter

and the receiver that tend to bring the two rotors into correct
Pige 402-12 Nagnemyn system aligrment. When this takes place, the same even harmonic voltages
will be induced in the transmitter and receiver stator coils, and
the flow of harmonic current ceases. Due to the small value of the misalignment torque, jewelled pivots
are used.
Owing to the very small reactive torque, magnesyn:y have in the past been used in airspeed, rate of
clinb, coapass, altitude, and fuel flow instruments. The accuracy of the aystem is not very high (;0.5 de~
gree). The use of this type of synchro as a position trangducer for flight test purposes need not be con—
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sidered further. The same arguments as those menticned under synchrotela also ApPly 0 meguneuyns. The
availability of wodsimn, more aocurate low-torque transducers have degraded thes to devices of practically
no impovtance for flight test purposes.

4.2.7 Deegial IC mEchIopous systes
Fige 4.2-13 showg the basic DC mynchronous aystem. The transdurer contains a uniformly wound toroidal
resistance with three equally spaced taps over which a brush assembly rotates. This brush asnsnbly applies
the DC voltage to the resistance st two diametrically

ceivER
TRANIMTTER re e, opposed points. The indicator has three coils, con-
[ :"‘ 7] .
' e suPPLY }‘&Sﬁ 2 . nected in star and wound w.. a soft iron stator. These

H
)

coils are connected to the taps of the transmitter.
In the stator a permanent magnet, to which the indi-
cator pointer is attached, can rotate fieuiy. The ro-
tation of the brush asseambly changes the ovrrents in
the three coils and therchy ‘he dirertion nf the re-
sultant maguetio field and that of the pointer. Apart from a slight cyclic error, there is synchronism
betwsan the brush rotation in the iransducer and the pointer rotation, which is within wide limits inde-
pendent of the megnitude of tue DC power aupply. More details on the myatem ara given in Ref. (12).

The aystem is intanded axclusively for direct indicatior. A xystem already preaent in the aircraft as
standard equipment for norsal operation can be tapped without appreciably influencing thc meaguring acou=
Tagy, sc that & second indicutor can te connected for application in a photo-panel recorder for flight
test purposes. The signal ie not, however, direciiy usable in tape recording systems and oun also noi
easily be converted intc a suitable form for this purpose. For amall parts of the measuring range of the
transducer, the varying voltage betwaen two taps or a tap wuad one of the brushes can sometimus be useful
a8 a "poor man's solution" for certain measuring problems in which acouracy requirements are low. These
voltages are, however, not single-valued ror one complete revolution, so that the output is only usable if
the measuring range of interest falls within a non-reversing part of a voltage versus position curve,

Purther disadvantages are those considered in Chapter 3.0 about potentiometers, to which thia aystem
is somewhat related.

et '
x‘ i
— }

Fig. 4.2-13 Principle of the DC synchronous
system

4.3 Charecteristjcs of gynchros

In this section a number of typical synchro charactaristics connected with accuracy and guitability
for application in position treansducers for flight test purposes will be considered.

The resolution of synchros is infinite, i.e., even the smallest displacement of the operating ghan™t
produces a measurable change in output.

Defining the ggro-pogitjon is a neceusity for all types of transducers for reasons of uniformity and
interchangeability. For devices with end stoms, one of the stops is generally chosen as the gzero position.
Beocsuse mynchros, generally, are devices that can rotate over more than 360° and do not have any end stops,
it is necessary to define the sero posmition in u differsnt manner. The zero position, or electrical gero
Reint, is defined differently for each aynchro typs. I ie always a rotor position where a specified out-
put winding gives a minimuam voltage when the nominal power and frequency is supplied to a specified wind-
ing. The methods for determining these points are internationally normalized and gpecified,for instance,
in Refs (4), (6), (15) and (20). Some manufacturers indicate ths "ocation of electrical gero by a wark on
the ghaft which must be aligned with an arrow stamped on the housing. This is only meant as a rough indi-
cation of electrical nero and io intended to aid in defining the right null when, as is generally the case,
two minimun voltages appear at shaf't positions 180 degrees apart (differing only slightly in amplitude),

The minimum output signal, called the null voltage, is always a quadrature voltage and is generally
less than about 30 mV for types with an excitation voltage of 26 V and lesc than 100 mV for types with an
excitation voltage of 115 V.

Before discussing the linearity error of a synchro, it is necessary to define the Melectrical posi-
tion” of the aynohro rotor. The electrical position of the rotor relative to the stator is defined by a
set of electrical output voltage ratics corresponding to the fermulae for an ideal synchro of the type




19

considsred.

For normal synchros these formulae are given in Seotion 4.2.2, and for resolvers they are given in
Seotion 4.2.4.

Synchro linearity is defined as the difference between the electrical position angle ocorresponding to
the output voltage ratios and the actual rotor position angle. It is determined in a calibration process
that starts at the electrical szero point and continues with steps of generally 5 degrees until a ocomplete
revolution is accomplished.

A typical electrical error cuive is shown in Fige 4.3~1. For normal ocontrol synchros the maximum 1in-
earity error is about 7 min. of arc. Special types can be more acourate (to about + 3 minutea of arc),

ANGULAR The acoureqy depends on electrioal error, mecha-
o7d LERROR (INMIN.Y nical perfeciion, and such characteristics as phase
shift, traisformation ratio, impedance, etc. The
ROTOR acouracy of a normal control synchro transmitter (when

POSITION measured by an ideal measuring system) is of the order

of 7 minutes of arc, which corresponds to 0.03 % of &
full rotation. For special synchros, even higher

Fige 4.3~1 Typical error curce for a control accuracies are claimed. The overall accuracy of a syn-
synchro transmitter

] el e - - ——— e - —— —— — —-—

chro meagurement also depends, however, on the other
elements in the synchro chain.

The accuracy of a torque system with a direct indicating pointer instrument is generally not better
than 1°. To achieve high accuracy in a torque system it is important to have a high torque gradjent, that
is, the torque per degree misalignment. The relationship between misalignment and torque iz non-linear,
but up to about 10 degrees misalignment it may be regarded as linear.

A synchro chain consisting of a control transmitter, a control trangformer, : servo amplifier, and a
servo motor can have an accuracy of 10 mirutes of arc. With multispeed synchros, accuracies of about 20
seconds of arc can be obtained.

The accuracy of a synchro chain, containing a gynchro-to-digital or a synchro-to-9C converter also
depends on the charucteristios of the chosen converter. Normal converters have accuraciea of about. + 5 to
+15 minutes of arc, when used for quasi-steady measurements at speeds up to sos hundreds of degrees per
second, whereas mcre sophisticated converters can have accuracies of +2 minut. - arc under these circum-
stances. For ancurate measurements at higher shaft-rotation speeds, up to som. tnousands of degrees per
second, special rate-compensated converters are available (Ref. (21)).

Resolvers are generally slightly more accurate than centrol synchros.

In many manufacturers! specifications, the term voltage gradient is used. This quantity can be de-
fined as follows: The voltage gradient of a synchro is the output voltage per unit of angular displacement
around the electrical zero position. It is expressed as: voltage gradient = volts at max. coupling multi-

. s 40
plied by 8in 1",
A iypical value of voltage gradient is: 0.2 volts/deg'ree for synchros with an output voltage of 11.2 volts
at max. coupling.

The power rating of normal types of synchros for flight test purposes (sizes 8 to 15) varies from 0.1
W to 1 W, depending on the size and function. Control elements and resclvers generally have lower ratings
than torque elements of the same sige.

The temperature range within which normal synchros may be used is from about -60° ¢ to +100° C. At
higher temperatures brushes often cause diffi ties. Special types, for instance, the brushless types,
can be used at higher temperatures up to about 300° Ce

Changing the oconnections of three-wire synchro systems will result in a shift in the electrical zero
or in a reversal of the shaft rotation of the receiving element.

Normally, synchro elements are connected in a standard way, for which purpose the terminals are
marked with normalized indicatione (see Section 4.4). Especially with calibrated-scale indicators, it is
essential that tlie manufacturer's instructions concerning the connecting method be followed strictly in
order to ensure meaningful indications.
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In a simple indiceting sywtem comsimting of a torque trenmmitter (position transducer) and a torque
receiver (direct-indiosting pointer instrument ), reversing the two rotor comneotions in either the trans-
mitter or the receiver ceuses a shift in the indication of 180°. When the three stator connections are
ayclically changed, & shift of 120° or 240° results; interchanging two of the three stator oonnections re-
sults in an opposite direction of the poimter rotation.

When changing two of the three stator conmections in a oircuit with a differemtial aynchro, the sum
instead of the difference of two angles will be measured, or vice versa.

4.4 Synchro coding

The following designations for the different synchro elements are internationally accepted (Ref. (6)).

Table 4.4-1

Standard designations of synchro elements

To further distinguish the synchro
elements, a pilitary standard code

sxstem (Refs (4) and (6)) is generally
aynchro element designation | ) ved, vhich gives information abouts
torque transmitter ™ - sise (for instance 11, 15, 18,
torque receiver TR etc.)
torque receiver {also usable as torque trsnsmitter)|TRX - function (for instance TRX, CT, RC,
torque differential trenmmitter ™ (or TDX) etc.)
(torque) differential receiver DR - frequency (4 = 400 Hs; 5 = 50 Hs)
control tranmmitter cx - design modification (represented
control transformer cT bty one letter a, b, c, etc.).
oontrol trensforwer (alwo usable as ocontrol
transmitter) GX/ ot The sise number represents the
control differential tranmmitter CD (or CDX) | o0 m o“'_t side di“'etu_ in temths of
resolver gynohro s inches. Fractions of tenths of inches
resolver transmittcr & are rounded to the next higher tenth.
Tesolver comtrol transformer ke For instance, a synchro with a diameter
resolver diffsrential W (or €8) [ £ ) 08 inch is designated as an 11-
transolver TY (or ) sige synchro. Nost commonly used sises

for synchro eleaents used in flight-

test work are size 8 and size 11. For example: the type number 11 TX 4b is given to an il-size torque
transmitter for 400 Hz use,which has been modified once since the original design.

31 st
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Cirouit—diagram gymbols. In circuit diagrams a simpler
aynbol than those given hitherto is often used. The symbol is

normalised and has two ooncentric circles, the inner repre-
senting the mynchro rotor, the
outer the synchro stator., The
mynchro function is indicated by
the standard designation (given
in Table 4.4-1)which is placed in
the centre of these circles (see
below). Normalized indications
we .y 32, R3, R4 for rotor

connections and 51, 52’ 83, 84

UPPLY
Pige 4¢4~1 Torque transmission system

AMPLIFIER SERVO -MOTO
4 R for stator commections. For ele-
\. ments with flying leads, wire
AN identification is often realired

bty a norwalised oolour code, de-
soribed in manufacturer's speoi-
fications (Ref.{10)).

The Figs 4.4-1 to 4.4-3 give
examples of practical applica~
iions of this aymbol system.

P.g» 4+4-3 Resolver in a system for transforming Cartesian
oo=-ordinates into polar co-ordinates




5.0 INECTIVE ETYTmS
5.1 Pripgike of induotive sygtess

Inductive aysteas for pomition meagurement are essentially AC gystems in which the measurand ia con-
wverted intos

a) a change in the self-inductance of a single ooil,

b) an AC voltage change by changing the reluctance path or the reluctivity between two or more coils,

with AC excitation applied to the ocoil mystem.

Reluctivity can be defined as the measure of the ability of magnetic material to conduct magnetic
flux, Reluctance in a magnetic circuit is comparadle to resistance in an electric circuit.

Variable-reluctance gystems are sometimes known under the name variable-permeance systems. Permeance
is defined as the reciprocal of reluctance.

In some mamials only the systems indicated under a) are called inductive systems. Those indicated
under b) are then called reluctive trensducers. In most mamufacturers® prospectuses, on the other hand,
both groups are united under the title of inductive systems. This generic term was used in this chapter.

5+2 Iypes of induotive gyytems

There are several ways to change the inductance of a coil or to influence the wvoltage output of a
aystem with two or more coils. The following types of inductive systems will be discuased:
a) linear variable differential transformers (LVDT's)
b) rotary variable differential transformers (RVDT's)
c) inductive systems with one coil
d) inductance bridges
¢) aystems with B-ghaped pick-off cores
f) microsyns
Of these, the linear and rotary variable differential transformers (see Pig. 5.2-1) are the most
widely used for flight test purposes. They will b¢ discussed rather extensively in Sections 5.2.1 and
5¢2.2. The others are less important and are discissed briefly in Sections 5.2.3 to 5.2.6.
Synchros are sometimes alsc classified as inductive systems. In *his paper they are discussed sepa~
rately because of their specific characteristics.
Induction potentiometers are described in Section 4.2.5 under the name "linear synchros". Electromag-
netic and electrcdyrusmic xystems will not be described in this paper, because these melf-generating de-
vices are not suitable for static pomition measurement.

5e2.1 near variable diff
tial trensformer ( LVM‘}

The linear variable differ-
ential transformer consists of
an AC excitated primary coil and
two identical secondary coils on
a non-contacting magnetic core
as shown in the cutaway view of
Mg 5.2-2.

The two secondary coils are
oonnected in series in such a

ROTARY TYPE LIMBAR TYPE way that when the core is in the
centre between tha two secondar-
Fig: 5e2-1 m::tr:w and linear variable differentisl ies their voltage output is sero.
+ In that situation the voltages
induced in the two ocils are equal and 180° cut of phase. When the core is moved avay from the centre po-
sition the mutual inductance of the primary coil with one secondary coil increases and with the other
seoondary coil decreases, due to the change in the reluctance paths. The induced voltages are no longer
equal, axd an output voltage appears. For displacemunts within the specified measuring rangs, this voltage
is a linsar funution of the core position, as shown in Pig. 5.2-3.
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Concerning the manner in which the con-
nections between both secondary ooils are
realised, there ars three possibilities, as
indicated in Mig. 5.2-4. In Fig. 5.2-4a the
comection between the two secondaries is
made within the transducer and only a iwo-
wire output ia available. This oonfigurstion
) . P is seldom applied, as it highly restricts
the choioce of further links in the measuring
chain. The configurati n in Mg. 5.2-4%

PRIMARY COIL makes it possible to use special measuring
systems which are based on the measurement
Pige 5.2-2 Cutaway view nf an LVD? of the 1ifference between the two coil wvolt-
ages. Such systems have certain aivantages
VOLTAGE ou‘r* in some cases. Fig. 5.2-40 gives the most

universal configuration, where both seoconda-
h ry ooils have two output connections. For v
'
)
[

SECONDARY
COILS

normal use, the twe secondary coils will be
¥ connected differentially, i.e., 180° out of i
CORE POSITION phase with sach other, as is done internally
————e H
in situations a and b. Connecting both seo~ .
VOLTAGE QUY, ondary coils in series (in phase) gives an
OPPOSITE PHASE § extra possibility to test the transducer, as
in this situatjon a constant output must be
obtained over ‘he whole measuring range, re-
. N gardless of the core position. Fault loca-
CORE AT A CORE AT o CORE AT B tion is made much easier by this feature.

- ———{p

Becaume there is no physical comtact
Fig. 5.2-3 Voltage output as function of core position between the core and the coils, the LVIT is
for an LVDT

nearly frictionless. The only friction is
caused by the fact that the core has to be

— P | ——
pOVER OUPUT  POWER 2 OUTPUT powen e ourruT
SUPPLY L5 supPLY - SUPPLY —

] b €

Fige 5.2-4 Output configurations of variable differuntial trsusformer

guided within the coils by mschanical bearings. The life expectancy of this mystem is therefore very long.
Other advantages of the system are infinite resolution and generally high sensitivity (high voltage output
for relatively mmall displacements) and the faot that primary and secondary windings are fully isolated
from each other, so that they can be grounded separately.

A recent development is the DC operated LVDT, in which an oscillator, generating a frequency of some
kHs, is incorporated in the transducer case. Then generally a demodulator and a DC amplifier are also in-
corporated in the case, so that a real "XC in - DC out" sensor is obtained. Fige 5.2-5 is a block diagram
of such a devices

More details on linear variable differential iransformers are given in Refs (22), (23) and (24).

Power surpLY| osciL- - Mot:)Eu- - oc oe
nvoc ™1 Lator - LvoT > el B PULEITL -

Fig. 5.2-5 Block diagram of a DC operated LVDT with DC output
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5.2.2 Jptary wrisble differsgtisl tresafomser (EYPT)

The rotary variable differential trensformer is in principle mimilar to the linear variable differen-
tial trensforweri the mechanioal arringement of coils and core is, however, differemt, as showm in PMg.
Se2-6, This devioe is prefersbly used in ceses where it is more conveniemt to have a rotating trensducer

to solve the measuring problem.

In an VDT, the core is cardoid~shaped 30 as to get a linear cutput voltage for a wide renge of angu-
lar displacements (4 40%). Pig. 5.2-7 gives the output as a function of angular displacemerit. IVDT's are

also available as "IC in - DC out®™ treansducers.

Nore details on rotary variable differemtial transfc:ssrs are given in Refs (22) and (7",

INPUT SHAPT CORE
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Fige 5e2-6 MNechanical arrangement of coils and
core in an RVIT

OUTPUT VOL TAGE

UNPHASE) | \NEAR REGION

-180°

o* 190"

SHAFT POSITION

OUTPUT VOLTAGE
(180° OUT OF PHASE!

Mge 5.2-7 Output voltage as a function of saft
rotation for an RVDT

IRy
AMPLIFIER

LATOR

Mg. 5.2-8 Bridge cirocuit for AC transducers with one coil

5+2.3 Inqugtive gygtems with one oci)

In treansducers of this type, the measureand is
converted into a change of the self-inductance of a
aingle coil. This is usually effected Ly the die-
Placement of a core which is free to move within a
fixed coil. The coil can be used:

- in an impedance bridge
= in an LC-oscillator ocircuit.

¥hen used in an impedance bridge, the induct-
ance of the coil is onmpared with the inductance of
a reference coil. Two resistors complete the bridge,
which is excited with an altermating current (see
Pige 5.2-8). The output of the bridg: is generally
amplified and then demodulated in a phase sensitive
cirouit to obtain a DC output. The reference coil is
usually mounted within the transducer case to reduce
undesirable effects due to long connecting leada.

When uged in an ILC-oscillator, a capscitor is
connected in parallel with the coil. A change in
self-inductance then causes a change in the frequen-
cy of the output signal.

5¢2.4 Inductance bridges

Theme are mystems where the core
can move within two fixed coils, ®so
arranged that when the core position
changes, the inductance of one coil in-
creases, while the inductance of the

DEMODU~ OUTPUT other coil decreases. Such systems

give twice the output of the aystem
described in Section 5.2.3, which has
one coil. The measuring circuit can be
eimilar to that of Fig. 5.2-8, the
second coil replacing the reference
coile.

The principle can be used for linear displacements as well ap for rotary position measurement. In the
two cases the arrangement of the coils and the shape of the core differ (see Fig. 5.2-9).

/
AC AC
POWER SUPPLY ouTPUT

/
v G

"

Fige 5-2-9 Inductance bridge
transducers for linear and

» 4

LINEAR

angular position measurement

ANGULAR




525 Inmiens uith B-themd coies

In Pigs 5.2-10, varisble reluctance trensducers are shown with an B-shaped laminated core with twe
idemtical secomdary (series-commected) windings on the outer lege and ome primary winding on the oemtre
log. When the omtre leg is excited with an AC woltage, voltages are imduced in the secondery windings
that cancel cut when the arwature is in the ocentre position aml that differ for other positioms of the
armature. The operetion is similar to that of tha LYDT, eo for further oomsiderstion the resder is refen
red to Section 5.2.1.

In position transducers for flight test purposes, the B-sheped
transducer is almost never used any more, because from the senufac-
turers' viewpoint it is a rather complicated device oompared with

EEEE— other types of inductive systems, and its wocuracy and linearity are
ouTRUT generally inferior.
Yor more details, see Ref. (Bl).
5+2.6 Kiorogyms

MPUY J As ghown in Pig. S.2-11, the mioromyn consists of a four-pole

s stator and a specially shaped rotor. EBach of the microgyn poles is

ourRuT .. wound with two ooils, a primary and a secondary ocoil. All primary
Pig. 5.2-10 Rotary and linear coils are connected in series and connected to an AC supply voltage.

B-shaped trensducers The secondary onils are also oonnected in series and give an output
voltage, the amplitude of which depends on the position of the core.
The seoondary windings are connected in such a way that in the neu-
tral rotor position the output voltage is sero.

Microsyns are related to differential transformsers and behave
in a similar marner. In some mamuals they are regarded as synchros.
With other winding oonfigurations, micromyns can also be used as
torque generatorsi as such they ars sometimes used in gyro aysteas
or in force-balance servo aystems.

For more detajils, see Refe (EH1) and (B4).

. C £ ot
Pig. 5.2-11 Principle of the o+3 Characteristios of inductive eystems
miorosyn system In this section typical charscteristics of inductive systems,

especially of variable differential transformers (LVDT's and RVDT's)
will be considered, especially their accuracy and suitability for appliocation as position transducers for
flight test purposes. The discussion is mainly restricted to LVDT's and RVDT's, as these are the most im-
portant inductive systems. Kost considerations also hold for other inductive systems. Special characteris-
tics of the latter have already been considesed in the general! desoriptions in Sections 5.2.3 to 5.2.6.

The resolution of all induotive aystems is infinite, that is to say that even the smallest displace-
aent of the operating shaft produces a measurable change in output.

The linearjty of normal types LVDT's and RVDT's is about 0.5 % of the measuring range. Lirearity can
be improved if the transducer is used at less than its nominal range, because the linearity usually tends
to deteriorate at the ends of the measuring range. Anomalies around the sero position of the core also
often ocour, because incomplete magnetic or electric balance often causes a residual quadrature voltage to
remain. This quadrature voltage has, moreover, not always the same magnitude, but depends on, smong other
things, frequency and wave form. The effect of the quadrature voltage on the output curve is shown in Mg
5¢3-1. In most sppliocstions the magnitude of the nmull voltage, if it is constant, is not important, as it
is generally smaller than 1 £ of the total voltage output. In special applications it may be nacessary to
reduce the null woltage, which can be dune by means of special circuits.

The frequengy of the power supply is generally specified by the manufacturer and is in many cases 400
Hs, as this frequency is mostly directly available in the aircraft. The frequency has some influence cn

——
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Fige 5.3-1 Veltage sutput as & functien of shaft position for a wariadle differemtial trensformer

the smuitivity of the owtput sighal, but this can generully be neglected f.r the variations of t5 £ that
omm be expected in the freguemcy of the AC power supply of most airoreft. Semsitivity and efficiency
gwnerally increase at cumsiderably higher frequencies, and for that resson the use of frequancies in the
order of 1 to 5 kils is sometimes preferred, although the application of a special oscillater ie required
then.

™e amasiiivity is in principle directly proportional to the woltage smplitude of the power supply.
The output is therefore generally specified in terms of wilts pez ocm displacement per wolt input amd
Tenges from a few aV/aa/¥ to a fou V/ou/V. The maximum allowable value for the voltage amplitude of the
power supply is determined by the maximum allowable power dissipation in the coils, magnetic saturation of
the core, and insulstion breakdown of the windings. The effect of the input voltage on the sensitivity can
be ocsncelled in measuring circuits, based on the determination of the ratioc between output voltage and in-
put voltage. Systems based on the measurement of absolute voltages requirs a stabiliszed voltage supply if
high acoureqy is required. The extitation voltage is generally between a few volts and & few tens of volis.
Types exist that can directly be supplied from the 400 Hs main power supply (26 V or 115 V) which is
availadble in most aircraft.

The glectrice] Jogd (input impedance) of the measuring circuit csn affect the sensitivity. When high-
impedance signal conditioning equipment is used, this effect will genersally be negligible. Neasuring sys-
tems with low input impedance, such as simple direct indicating instruments, can seriously decrease the
sensitivity,

The phase angle of the output voltage with respect to the supply voltage can have sppreciable values
(some tens of degrees). This aspect must be seriously considered when choosing the meaguring squipment. In
ppliocstions where the core pssses the centre position, oomplioations can be expected because the sign of
the phase angle changes. It is therefore often necessary to reduce the phase shift to less than a few de-
€Teea Ly means of a compensation circuit, that ocan generally be a simple capacitor across, or in series
with, the output signal. The phase angle depends somewhat on the frequenay of the excitation voltage, but
ihis effect can generally be neglected for variations of the order of + 5 % The phase angle furthermore
depends on the load impedance. This effect must be taken into acoount when dimensioning phase oompensation
circuits.

The temparsturs rapge within vhich normal types of varisble differential transformers can be used is
from ~60° G to +100° C. Temperature has some effect on the sensitivity that camnot always be neglected.
Special types can withstand temperstures up to +600° C without being dameged, although the aocuracy can
deareass to a few per cent of the measuring range. The so-called "DC in — DC out® types cammot withstand
temperstures higher than about +100° C.

6.0 DIUITAL SYSTERS
The following digital systems will be considered:
= shaft position encoders
- onfoff switohes.




The nest commenly weed type of A0l _aesitice snoeder is the rotary encoder, the principle of whioh
is ahowm in Pig. 6.0-1. It consiste of a coded disc with s mmber of oonoertric tracks consisting of al-
termately conducting and insulsting segnents. The oontucting arear are slectricelly commecte® - . ~“olleo-
teor ring, over which the woltage is supplied to all conducting segnents. Fixed brushos are arr: .1 avpo-
site the trasks, 50 that & woltage cutput pattern ism obtained that deperds on the shaft position.

Besides this systea with oon-

::u.nn WOPICANT D0g1 wror fucting and tucting \ op-
? LEADS tical systems are available with clear
?

and opaque segments, using light

sources and photooells for detection.

Other brushless systems make use of
VOLTAGE INPUT sagnetic or capacitive sensing teoh-
niques. Disadvantages of the brush
systems, such as excessive wear, un-
reliable functioning caused by dirty
ocontacts, etc. are not presemt in
these systems. In rectilinear posi-
tion shaft encoders the same princi-
ple is applied (wee Mig. 6.0-2).

COLLECTOR

coLLECTeR The patterns used in the discs
s in Mge 6.0-1 and 6.0-2 give a binary
\ OUTPUT LEADS
2 ooded output, in which each output
(LEAST SIOMPICANT DG T) 3% (Bl

uun NN we 9 7 e s " 2 " ° lead rapresents a power of 2 (2 [ 2;
22; 23). The vesolution is 1316 or
about 6 % Higher resolution can be
obtained by increasing the mmber of
| ¥r 3. The patterns shown in Migs 6.0-1 and 6.0-2 have the disadvantage that at certain positions several
bits have to change simultanecusly, If, due to unsymmetric brush wear, a more significant bit changes
slightl" later than the other bits, large increasing errors can occur at these poaitions. Special uode
diskw, . which only one bit changes at a time, have been developed to overcome this difficulty. Such xys-
tews “ejuire, however, more tracks to obtain the same resolution.

uual'é are several reasons why shaft encoders are not widely used in flight testing, vis.:

— the case sise for a given resolution is generally larger than for other types of position trans-
ducers
the number of output wires that is needed is gererally higher than with othyr types of transducers,
because there iz one wire for each ring
= shaft encoders are gerarally costly
the output of analog position transducers can, if necessary, easily be transformed into a digital
f signal by means of electronic converters, that are often already present in the measuring system
for conversion of other analog signals
most types have a relatively low frequency response and are rather sengitive to vibration.

¥.  6.0-2 Principle of a rectilinear type shaft position enoodes

P

M can, in principle, be used to give mingle-bit digital information about the position
of movable aircraft components. In practice this method is mainly used to signalise end positions and it
is used almost exclusive.y if such a switch is already present for nommal airoraft operation, as for in-
stance to indicate the ™up™ and “down" positions of the undercarriage.

Taps in such existing aystems can easily be made, and the signal, generally +28 V DC or O V DC, can
directly be connected to an on/off channel of the recording system.

7.0 TNSTALL*"TON OF POSITION TRANSDUCERS
; 7.1 Imtreduciion
The installation of transducers in the aircraft can have a large influence on the overall cost, re-

liability, and accuracy of the total measuring system. In this chapter a number of aspects that must be
taken into account during the design and installation will be dismcussed. The diacussion will be focused on
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mechardoal ampectsy the electrical aspects (insulstion, interference, grounding, eto.) have been consid-
ored in Yolume 1 of this series (Mef. (25)) and will be major subjects in future volumes.

In many cases the trensducer as ovtained from the manufacturer is too fregile for direct installation
in the airoraft. It then has %0 be "ruggedized™ before it can bde installed. This is disocuseed in Section
Te2e

The ruggedised trensducer will then have t0 be connected to the mechanical parts the motion of which
st be neasured. In Section 7.3 the mechanical linkeges that can de used for this connection are reviewed.

7.2 Trepaducer Iugsetining

The shafts of most of the linear and angular position transducers can only stand very limited foroes
and moments. When this shaft is mounted directly to the part the motion of which must be measured, wnaoc-
oeptable forces and moments are likely to ocour. Perfeoct aligment of the transducer shaft with the moving
part will reduce some of thess, though at a high installation cost. Nevertheless, if the mcving part and
the base to which the irensducer is mounted move relative to each other (due to flight loads or vitastion),
large forces and moments on the transduoer shaft will still occur. They will not only reduce the reliabi-
lity of the transducer installation, but may also affect the trensducer calibration. It is, therefors,
better to connect the transducer shaft to a mcre rugged intermediate shaft, which is then connected to the
part the movement ¢f which sust be measured. The intermediate shaft sust then de designed so that it does
ot trensmit unacoeptable forces and moments to the transduocer.

A basic example of such a ruggedized transduocer is given in Fig. T.2=1. The trunsducer and the inter-
mediate shaft are mounted on a sturdy mounting freme, and coupled by a simple stiff ocoupling. The truns-
ducer and the intemmediate shaft can bc assembled on the frame in the workshop, wherv good aligmment can
be assured.

In some cases the envirormental oconditions - e.g. vibre~
tion level - as well as design and assembly procedures may
still cause unacceptable load levels to be exerted dy the
intermediate shaft on the trensducer shaft. It is then ne-
cessary to replace the stiff ooupling bty a flexible one.
Examples of such ocoupli.gs are shown in Pig. T.2=2,

&F 5 S

Mg Te2-1 Ruggedised position trensducer

Type A is a rubber coupling. It is mub-
Ject to torsion if large moments are to de
transmitted, but is very suitable for the

small moments generally required tc move Fige Te2-2 Flexible shaft oouplings
A Rutber ooupling

transducers. In some applications it has B Steel bellows

the advantage that it will demp out high- C Oldham coupling

frequencay vibrations. In the hellows

coupling shown under B,no torsion will occur, and even in the camse of relatively large axial movementr of
the intermediste shaft, it will exert only very samall forces on the iransiucer shaft. Types 4 and B do nct
introduce backlash. The Oldham ooupling shown under C is much mmaller than the other two. Some play must
exist between the parts of this ooupling, which will result in some backlash.

The oonstruction shown in Mg. '(+2-1 results in relatively long ruggedized transducers. For sige 8
and 11 transducers, the overall length may well be more than twice that of the original transiucer, If
this is a problem, other designs can be used. Fig. 7.2-3 gives an example of a possible oconstructiun. The
reductior of the length of the complete transducer is obtained by “folding back™ the intermediate shaft
around the shaft coupling. The intermediate shaft has beoome a hell-shaped part, supported by a single
large—diameter slim-profile ball bearing. Due tuv its large diameter, this besaring can stand relativaly
large moments. In order to reduce such momenta as far as possible, the input lever to the in'c:rmediate
shaft is placed in the plane of the bearing.



Pig. Ted=4 Oowpling of the imtarwediate shaft Yy
geoars

Fig. Toa~4 shows anothor method for reducing the
overall length of the trensiucer. There, the trans-
duoer and the intermediate shaft are coupled bty gears.
One of the gears must be of the split and intermally
pring loaded typs to eliminate backlash. The spring
must be strong enough to cope with sudden movements,
Pig. 7.23 Tuxaple of & construction to reduce which can be quite fast, as, for instanoe, in hy-

the length of the trensduoer dreulioally ocperated comtrol systeme. In this type of
ooupling, a gear retio can bde introduced between the
ingut shaft snd the transducer shaft. The dimensions of this construction oan be quite small.

Sinilar constructions can be made for linear transducers, ut they generally become move compliocated.
Neny linsar differumtial trensformers are already delivered with relatively strong input shafts and bear-
ings, whioh ocan then be used without an intermediats shaft.

A limited renge of ruggedised angular transducers is also commercially awailabdble, but for many appli-
ocations thay have to be specially designed and built.

Wben designing a trensducer ruggediszing sysism, the expected loads and displacements should be deter~
ained beforehand. A few details of the construction will be disocussed here in some uore detail:

« the mounting freme

= the transduosr mounting
= the intermediate shaft
- the houzing.

fhe function of the mounting freme is to ensure that no unacosptable loads are transmitted to the
Arsnsducer. Such loads can origirate from three differemt causess '

- Axial and longitudinal foroes and moments acting on the imtermediate axis. The freme must be capabdle of
slaorbing thess.

- VYibretions. Deformation of the freme under vibration sust not introduce loads on the trensducer shaft.

- Poroes introduced through the mounting flange of the frume. These can be introduced either hy deforme-
tions of the structure to vhich the flange is attached or hy deformations of the flange when it is fas-
tened to o non-flat surface. In general, the flange should be stiffer than the structure to which it is
attached.

The best position for the mounting flange is as near as possidble to the input side of the intermediate
shaft and perpendicular to that shaft.

The method of mounting the transducer on the mounting freme can also affect the reliability and ao~
ouracy of the measuring system. Transducer manufacturers usually give detailed instructions about the pre-
ferred methode of mounting, and thewse should be adhered to as closely as possible. For synchros, the shape
of the transducer and the methods of mounting were standardised long agoj more recently many potentio-
noters are btuilt to the same standarda. The preferred wmethod of mounting such transducers is shown in Pig.
Te2=5.

Fig. 7.2-5 Standard gynchro
rim mounting
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The surfaces A and B of the trenséuocer are nads t0 close tolerances. Accurste ¢7d repeatable align-
menrt can be achieved bty carefully machining the hole and its surroundings on the mounting freme. The
Asrensducer is mounted Wy special clmmps which are commercially available. An alternative wethod of mouwnt-
ing is showm in Pig. 7.2-6, where use ias made of three holes that are available on 4he front of the trens-
duoer housing. This sethod is, however, not recommended if severs vibtration oocurs. Fige Te2-T shows &
aethod of mounting whioh is sometimes found in practios But is not reccamended. The clemp oan deform the
housing and also present aligmment prodblems.

The intermediste shaft should be designed in suoh a way that it will be strong enough to withstand
forves and moments exerted on it Uy the airoraft structure and rigid enough not to transmit undue loadings
%o the trensducer input shaft., For control position messurements and similar applications, a shaft diem-

| |
!
i "’: g \\‘:\\‘ I ------
(@ | ©
L 1 d
Pige 7.2-6 Standard mynchro sorev mounting Pg. 7.2-7 Synchro clamp mounting

eter of 6 mm is generslly sufficient. The shaft will in general be supported ty two prelosded ball bear-
ings. The distance between these bearings should be such that the bending moments on the inner bearing
reces are sufficiently lowy 25 sm is generally sufficient. Installation can often bs simpler if ball bear-
ings with ¢ifferent dismeters are ussd. The shaft and bearings can be held in place using collars and cir-
olips. An example of an intermediate sbaft design is given in Pg. Te2-8.

It is genorally useful to enclose the construction Yy & dust cover,to make provisions for a safs oon~
nection for the electrical leads and a seal for the shaft end. Pig. T.2-9 shows, as an exasple, the con-
struction of a oomplete ruggedised transducer for measuring ocontrol surface positions.

Mg, T.2-8 BExssple of an intermediate
shaft design

Mg. T.2~9 Denign example of a complete ruggedised
angular position transducer

7.3 The coupling of the trsnsdyoer to the moving RAIt
Te3.1 Gepersl sspects

In general, it can be said that the (ruggedized) transducer should be mounted as closely as possibdle
$0 the structural member the motion of which must ba measured. This im, however, not possible in many
cases. Thers may be no structural parts suitable for mounting the transducer, or the space near the moving
part may be too small for mounting the transducer. In such cases the connection between the structural
member the motion of which must be measured and the transducer wust be made by tranmmission. This trans-
mission must mest the following Trequirements:
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= the trensduwoer output must correspond to the position of the siroraft component exclusivelyy i.e. the
btase on which the trensducer is mounted sust not move with respect to the reference againet which must
be measured

=~ the effect of play and backlash should de small with respect to the required seasuring accurecy

= in most ocases the relationship between the position of the moving part should be &s linear as possible}
in special cases a specific non~-linear relationship may be required, for instance if a high sensitivity
(and socureay) is required over only part of the total measuring range.

It aust be realised that inadequacies of the trenmmission system can have a large effect on the over-
all measurement socurecy.

Te3.2 Dirsgt covpling

Direoct ooupling between the transducer and the moving part is in general the best method if it can be
realised. This cen, however, be done only if a suitable base for aocunting the transducer can be found near
the moving part and if the relative motions in other directiona than the measuring direction are small
enough to engsure sufficient acourecy and reliability. For most oontrol position measurements a flexidle
coupling will bs required. T™wo exsmples are given in Pigs 7.3-1 and 7.3-2, In Fig. Te3»1 a commercially

Fige T¢31 Directly ooupled treunsducer using Fig. 7.3-2 Directly coupled transducer using a
a flexible ocoupling spring lever coupling

available flexidle ocoupling has been used. In Pig. 7.3~2 a direct wire spring lever has been custom made.
The wire spring must have bends to allow relative movements batween the control surface shaft and the

trensiuoer and must be stiff enough to ensure good calibration adherence even during sudden control move-
ments.

Te3s3 Laver coupling

For the measurement of the position of aircraft control surfaces and similar moving partas, the lever
ooupling (Pige 7.3-3) is often the best solution. This construction can transait the motion over relative-
1y large distances and can accept rether large rela-
tive displacements between control shaft and trans—
ducere

The accuracy of a lever coupling can be very
high if the deformations of the lever parts.under
loading are kept small and if the levers are long
enough to reduce the effect of bearing play to a neg-
ligidle value. The linearity of the coupling wiil be
high if the levers are parallel and of equal length,
Fig. 7.3~4 shows what happens if the levers are not
parallel. In this figure, the misalignment is the
sero position of the output angle B at whicl the in-
put angle @ ias zerv (input lever perpendicular to the
Fig T.33 Lever coupling conneoting rod). It ia found that for a misaligmment

of 5 degrees the linearity error at a = 40 degrees
can be 5 degrees. For a misalignment error of 15 de~
grees, this becomes 15 degrees.
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The effect.of unequal lengths of

',:QL_ the levers is shown in Mg. 7.3-5. This
B figure shows that even for a ratio
)} ‘_”li‘ %- 1.2, large differences occur be-
tween a and 8.
The effects degoribed above are
sonetimes used intentionally. In some
vo- B applications, a higher sensitivity and
o - or i accuracy is desired over part of the
» j '\" medsuring range. From Mg. 7-34 it oan
P/ A ﬁ be meen that the sensitivity at one end
. AL
* / of the range shown is much higher than
®
A I" /( it would be if the levers were parallelj
» 7’, at about B = O the mensitivity is about
'.._.//[/ ] equal to that of parallel levers and
- the sensitivity continues to decreuse
48 30 15 _0 15 30 a8
"?" towards the opposite end of the meagur-
ing range.
Mge Te3~4 Linearity errors due to non-parallel levers Arrangements as described above
@ can be used for the measurement c¢f the
“ ' - position of 1ift dumpers and speed
brakes, where the highest sensitivity
’ is usually requested at the point where
the surface begins to deflect. The ar-
A ' rangement of Fig. 7.3-5 with A > B pro-
) duces a high senaitivity at both ands
a8 = of tne measuring range and a lower sen—
" Pl A sitivity (thcugh atill higher than when
v -

n ‘g~ the levers have equal length) in the
vy middle of ‘he range. In some applica-
rI tions, such as the measurement of con~
T trol surface deflections, a high mensi-

30 L tivity in the middle of the measuring

a8 /I Tange ir required, and the sensitivity

% 3 1§ & 30 45

= e near the ends of the range can be lower.
A system of the type ahown in Pig.
Fige T¢3-5 Linearity errors due to difference in lever length 7.3-6 makes thim possible.
@
- TP
S 1 -,
.I
A 30 . LT
;. 1.5 // ;"r _T, 4.
‘nsr "T t o -
o] ol c-’ i i
A ’ AT .
s Inf- - -- PR
/f 2 M .
3 ( e” Lo e 4
- 30 I\‘ <*'I! N &
530 % 5 %0 as s
aﬂ
Fige Te3~T Device for converting
Pige 7¢3-6 Device for obtaining high sensitivity in the middle linear motion into
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A sisilar mechanism oan be used for converting linear into angular motion. The mechanisa shown in
Pig. 7.5-7 producec an angular deflection which is proportional tu the liuear displacsment of the input
shaft.

The mechanisms descrided above, which make it possidle to obiain a higher sensitivity (end acouracy)
over part of the measuring range, were very important in the past when accurate position transducern were
not svailable. Now that very acourate transducers are easily obtainable, there is no nee¢ to use them.
Especially the mechsnisms shown in Mgs 7.3-6 and 7.3-7, which are very expensive when they have %o be
Buwilt for high-acouracy applications, are used very rarely nowadays.

A few remarks can be made about the design of lever couplings, For optimum performance the joints
should incorporate self-aligning ball bearings. An example of such a joint in whown in Mg. 7.38. Back-
Jash is then reduced to a minisum and the joint can accept relatively large misalignments. Complete ball-
bearing joints, which can be direotly
sorewed on, are commerciully available in
— a wide range of sises and shapes. As
shown in Mg. 7.38 the screw end whioch

goes into the connecting rod between the

|
two levers can be used for the adjust-
] ment of the rod length during installa~
S—
Fig. 738 lever joint with self-alignirg ball-bearing vion.

For reasons of cost, mut-and-bolt

joints are still extensively used, not-

withstanding the following dissdvantages:

- inwtallation is more tricky because ‘hey are more sensitive to alignment errors

- because of the relatively high wear rate, maintenance will require more time

- backlash will be grea.er and may increase with time.

If used, such joints must be rarefully designed. In the design shown in Mg. 7.3-9, the bolt can tilt in

both holes. This not only causes a larger play than is necessary, but wear may inorease this play consgid-

erably. A better molution is illustrated in Fig. 743=10, where the bolt is immobilized with respect to one

of the parts of the jointa.

Pig. 7+39 Badly designed joint with bolt and nut Figs T.3-10 Properly designed joint with bolt and nut

Te3¢4 Cable coupling

Though lever coupling is used most for the types of measurement aiscussed in this vOlume, 2 faw
others are used in special cases. The most important of these are the cable couplings. Their main applice-
tion is in casen wheres
- very little space is available
- the angular movement extends over more than 90 degrees
- benda are necessary in the transmisaion between input axis and transducer
- a linear movement has t¢ be tranaformed in a rotation.

Cable couplings 4re more vulnerable than lever couplings. Kinks or bende in the cable can have a
large effect on the ‘overall accuracy end oan impede operation. Dirt can alro have a detrimental effect.
The overall accuracy is generally lower than tor lever couplings.

A simple cable coupling ir shown in Fig. 7.3=11. The cable is attached to the two pulleys. The spring
keeps the cable under tension at all times. The disadvantage of this system is that the spring tension
varies with the angular position. It can therefore only be used over a limited range. This is overcome in
the closed-loop arrangement shown in Fige T+3-12. There, the spring has been inserted in the cable loop
and the spring force ia independent of tae angular position. The range is limited only by the requirement
tkat the spring must not tcuch thn pulleys. If an erternal cable tensioner is used, as in Fig. 7.3-13, an
even larger range can be obtained, which can extend to more than 360 degrees. As the cable must always be
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Fig. 7+3=11 Simple wire ocoupling
witk a single wire Mg. T+3=i2 Closed-loop cable ocoupling

attached to a fixed point at both pulleys, the cable
must make more than one turn about a pulley which
turns over more than about 180 degrees. To prevent
the cable loops from rubbing against each other and
1o guide them in exactly the same groove, multi-
groove pulleys with a spiral groove are used in such
cases. In Fig. 7.3-13 the range of the large wheel
sust be linited to about 3 rewlution, the range of
the smaller two-groove wheel to about 1% revolutions.
The cable is made of stranded stesl wires or
nylon. The steel wire is not supple enough to follow

Figs Te313 Closed-loop oable coupling with the shape of smaller pulleys smoothly. Nylor is
external tensioning and a sulti- elastic and may change in lezgth under stress. A
groove pulley

compromnise must be made for each upplication. In some
designs attempts have been made to overcome the ef-
fect of the stifmess of steel cables by using levars connected
by wire instead of the pulleys. It is found, however, that the
cable bends due to hinge friction (see Fig. 7.3-14). Mainly for
this reason cable-lever combinations are rarely used.
The direction of the cable cain be changed between the input
and output shatt by using idler pulleys at the bending points.
If several such idlers are necessary, friciion and spring ef-

feits in steel wires may have a too large effect on accuracy and
the installation can also become rather clumsy. In such a case a
Bowden cable (Fig. 7.3~15) may provide the best solution. Bowden
cables are gencrally attached to levers, They should bYe loaded
by a spring to take up any slack. The uxtarnal hose of the cable
must be supported at short intervals, especially at bends, because any novemert of this hose will change
the calibraiion of the overall system.

Fige Te3~14 Attachment of a cable
to a lever

Pige 7+315 Bowden cable coupling
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7+3+5 Chaln_coupling

A chain coupling (Pig. T.3<16) is sometimes used instead of a cable coupling if:
« the input and the transducer shafia are very close together
« the gear ratio is high
~ the shafts have t0 make more turns.

Mmoesttly, nevw drive systems for instrumenta-
tion purposes have been introduced on the market.
Two examples are shown in Migs 7.3-17 and 7.3-18.
With respect to noreal chain trensmissions they
have the advantage that they are less sensitive
to dirt,

Pig. T¢3=17 Pomitive belt drive

Fige 7.3~18 Ball cord drive

7.3.6 Cam follower ooupling

Bapecially when space is very limited, the cam follower coupling (Pig. 7.3~19) can hove advantages.
In a low vibration enviromment its acourscy is comparable to that of a lever coupling and superior to a
cable ocoupling. It is very useful for non-linear transmissions.

The performance of this coupling depends to a large ex-—
tent on the quality of the roller and the rocker. A ball
bearing is often used for this purpose, the outer race of
which rolls directly over the cam. As dirt can seriously im-
pair the accuracy, the materials of the cam and the roller
are often chosen so that they need not be lubricated.

Figs T¢3-19 Cam follower ooupling

8,0 THE ON A

In this chapter advice im given on how to gselact the most suitable type of transducer out of the many
existing types for a given position measuring problem.

As already mentioned, it is in general possibdle to restrict the choice to one of the three following,
nost widely used, groupss

- potentiometers

- synchros

- inductive systems, and especially variable differential transformers.

In practice, it appears that the three groups are used in roughly equa’ proportions. Only in excep—
tional ocases will other than the above mentioned groups have to be considered seriously.
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The ohoice of the transducer is not only depandent on the special charecteristi: : of each group, but
is also closely determined by the characteristios of further links in the measuring chain, especially those
of the interface between the transducer and the indiocation or recording equipment. Envirommental oconditions
often also play an important part in determining the optimum choioce.

In the following, for each of the three transiucer groups attention will be paid to

- aspects ooncerning physical envirormental conditions

- agpects ooncerning interface equipment

- ampects concerning special characteristios of that group of transducers

« sdvantages and disadvantages, when comparing the transducers with transducers of both other groups.

Potgntioggters. Of all transducers discussed in this volume, the potentiometer can most easily be adapted
to many weasuring systems without the need of complicated interface equipment for signal conditioning, as
often required for synchros and variable differential transformers.

Concerning the interface squipment, the potentiometer should always be used in circuits that measure
the resistance ratio rathar than the sbsolute value of resistance, as only in the first-mentioned cirocuits
the often highly fluctuating resistance between wiper and element can be cancelled out. This is especially
important when film potentiometers are chosen, as these generally have a relatively high resistance be-
tween wiper and element.

Potentiometers can be applied in DC circuits as well as in AC cirocuits. High voltage outputs can
sanily be obtained. In applications where a relatively high output current is desired, as for instance in
direct measuring instrmments in photo-panels, potentiometers and especially the low-resistance wire poten-
tiometers are a good choice.

Potentiometers can easily be integrated with other elements of computers and electromechanical con-
trol systems.

It is generally possible to connect more than one measuring system to one potentiometer. The effect
of extra loading cammot always be neglected then, but can often be determined from a special calibration.
When a second load is commected to an operational circuit in the aircraft, it is esgential, however, that
the performance of that circuit is not ispaired. Furthermore, the possibility of intrcducing errors by
feed back from additional measuring systems and errors from extra ground loops has to be scrutinized.

For low-sccurscy applications (down to + 1 % of full range), low—cost wire-wound potentiometers are
available. In these cases the best choice with respect to life expectancy will be low-resistance types
with large wire diameters. For higher acouracies more sophisticated potentiometers are available. Rela~
tively common types have accuracies up to # 0Q.l $, whereas still higher acouracies Q_ 0.01 €) can be
achieved Yy using potentiometers with large diameters or multi-turn potentiometers.

Wire-wound potentiometers have a finite resolution, depending on the number of windings. When a very
high resolution is wanted, application of film-type potentiometers with practically infinite resolution
must be conzidered,

High linearities can be achieved with both film-type and wire-wound resistances (& 0.02 %, resp.

& 0,07 ’). If a non-linear relationship between position and output signal is required, this can more
easily be achieved with film-type potentiometers than with wire-wound types. Conformities to # 0.l % can
be obtained with both types.

Due to the wiper-to-element configuration, potentiometers are more subject to wear than synchros and
variable differential transformers. For the same reason potentiometers have a lower signal-to-noise ratio
than both other systeas.

The life expectancy is proportional to the number of wiper operations and depends furthermore on
wiper pressure, wire thickness, choice of material, and construction. High-precision single-turn potentio-
meters of both types (wire-wound or film) can have a life expectancy up to about 5 x 107 operations. Life
expectancy of sulti-turn potentiometers is lower. This ie one of the reasons why these types are seldom
used for position measurements during flight tests.

Por quasi-static neasurements the above-mentioned figure of 5 x 107 operations means an appreciable
life expectancy. For dynamic measurements with high frequencies, however, it resulis in a short life, and
for this reamon the potenticmeter is less attractive than synchros and variable differential transformers
for thuse applications. It is true that dynamic position measurements above frequencies of a few Hz seldom
ooour, but often control surfaces, wing flaps, trim tabs, etc. are continuously subject io spurious high
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frequency vibrations, often around certain fixed positions. At the equivalent positions on the potentio-
neter, excessive wear can ocour.

For aeasurements within temperature renges up to about 100° C, relatively common types of potentio-
meters can be chosen. For temperatures to about 250° C, special types are available. When extremely high
temperatures can be expected, as for instance when flight tests have to be exeocuted at high Nach numbers,
potentiometers can cause difficulties. For those applications, LVDT's are & better choioce.

As a dissdvantage, single-tum potontiometers oan only be used for rotations of less thun 360° (max.
approximately 355°).

Synchros. The synchro system was originally intended for direct-indicating purposes. For this application
sinple indicators are available and as such the system has outstanding advantages over other systems. They
are therefore extensively used in the circuits of the cockpit instruments in many aircraft types. For
flight test applications, synchros have the disadvantage that reather complioated signal conditioning
equipment has to be applied for the conversion of the electrical output into the DC or digital signals Rk
required by moat flight test recording systems. That synchros are nevertheless extensively used in flight
testing stems from two reasons:

-~ mony of the signal conditioning circuits can bs connected in parallel with a synchro indicator without
degrading the normal operation of the original synchro chaine If the flight test system can be connected
to an existing aircraft cirouit in thie way, it will not be necessary to install a separate transducer.

—~ especially when the signal conditioning system is already available for other purposes, synchro trans-
nitters are also often preferrad for specific flight test applications. Besides the¢ technical character-
istics, previous experience and the relatively low ocost may coniribute to this choice.

Important features of mynchros are their high accuracy and reliability, infinite resolution and the

absence of stops. The overall measurement accuracy is not only determined by the very high accuracy of the :
trensmitter, but is also affected by the other circuit slements. A torque synchro chain has an acouracy ¢
of about 1 degree. A servo chain including a synchro control transmitter and a synchro conirol transformer
can attain au rocureqy of 10 minutes of arc or aven better. 3ynchro-to-DC and synchro-to-digital oonver- :
ters are available with different accuracies.
Normal oconverters have accuracies in the order of + 5 to + 15 minutes of arc when used for quasi-
steady measurements at speeds up to some hunireds of degrees per second, whereas more sophisticated con-
verters can have accuracies of + 2 mimites of arc under these circumstances. For accurate measurements at
higher shaft-rotation speeds up to soms thousands of degrees per second, special rate-compensated conver-
ters are available.
Normal power supply for synchros is 26 V or 115 V§ 400 Hz, that can generally be obtained from the
airoraft 115 V AC bus. Types working at higher fruquencies (for instance 3000 Hz) are available and have
certain sdvantcges, especially with respect to the dimensions of transducers and the signal-conditioning
ocomponents. For these types special power supply units are required.
Reliability and Iife expectancy of synchros are higher than can be obtained with potentiometers. A
life expectancy of 5 x 10 operationc can easily be obtained with normal types. For the highest reliabili-
ty and life expestancy, thz brushless iypes are recommended. Biushless synchros have almost the same re-
1liability and life expectancy as variable differential transformers.
Linearity of normal synchrus iz generally better than + 0.02 % of a full rotationj linesrities better
than + 0.01 4 are posaible. Fon-linear functions cannot simply be realized with synchros. In this respect
potentiometers are more suitable. Of courss, non-linearities can always be introduced by special mechani-
cal linkages.
For measurementc &t temperatures up to about 100° C, relatively common types of synchros can be
chosen, Brushes are a weak point in the synchro construction and especially at higher temperatures they
cause many diffioulties. Although with special types, for instance brushless synchros, measurements at
higher temperatures (up to 300° C) can be executed, they are not recommended for use in this field. For
measurements at high temperatures, variable differential transformers must be preferred to synchros.
Direct reading synchro indicators and synchro servo indicators generally have a low frequancy response
and sannot be used for acourate dynamic measurements above frequencies of a few Hz. The combination of
synchro transducers and converters for rezording purposes behaves better in this respectj however, in
practice here also many difficulties are met when measurements above approximately 5 Hz have to be exe-
cuted. There is not much literature available about thie subject and manufacturers' specifications
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generally alsc give sxtremely brief information or none at all. In faot, accurete position measurements
above & few Hs are seldom required, and the only requirement in this respect is that high frequency shaft

vitration will not dsmage the transducer or degrade the measurement. Synohros can withstand vibration such
better than potentiometers.

Jarjable differential trangformers. Of all erxisting inductive systems for position Bsamrement, only the
linear variable differential transformer (LVDT) and the rotiry varisble differential trensformer (avDr)

need to be considered meriously for flight test purposes, as these devices rise high above all other
transducers of this group in meeting all kinds of genersl and specific requirements. As they require
neither brushes nor wipers, their mechanical construction can be very simple. In general they are extreme-
1y rugged, are resistant to vibretion and shock, and have a long life expectanyy. In thess respects they
excell above potentiometers and can oompete with brushless synchros.

Variable differential transformers have, like gynchros and film-type potentiometers, the acvantage
above wire-wound potentiometers of having infinite resolution.

Variable differential tranaformers are essentially AC devices, vsing modulation frequencies from 50
Hs to a few kHs. The 400 Hx types have the advantage that the nNece3sary pover supply can be obtained from
the aircraft AC main bus. Application at higher frequencies has osrtain advantages but requires s special
oscillator.

Normally, the transducer contains a half bridge, and the other two arms necessary to complete the
bridge are added exiernally. Cabling sometimes introduces capacitive unbalance which must be compensated
for. This tend: to make the signal oonditioning more complicated and expensive.

Some of the above-mentioned difficulties with the signal ocorditioning equipment have been overcome in
the ¥DC in - DC out™ variable differential transformer, in which the modulator and demodulator circuits
are fully integrated in the transducer case. In this type, most advantages of potentiometers are combined
with the advaniages of high reliability, resolution, and life expectancy.

For measurements at temperatures wp to about 100° C, relatively normal types of variable differential
transformers can be ohosen, but special types are available for higher temperatures wp to 600° c. In prec-
tice, the variable differential transformer is the only device that can successfully be used for position
Reasurements where the iransducer must withstand temperatures that ocour during flights at high Mach mm-
bers. Use of the "DC in — DC out™ variable differential transformers is restricted to the temperature
range of 100° C due to the limits prescribed by the built-in electronioc components.

Concerning the dynamic response of variable differemtial tranaformers, there are no limitations ex-
ocept those due to the demodulation process. In general, frequencies up to about 1/10 of the ocarrier fre~
quency can be measured. High-frequency transducer shaft vidbrations will not seriously reduce the life ex-
pectancy or influence the measuring result if properly designed signal-conditioning is used.

For direct-indiocating purposes, the variable differential transformers have the disadvantage that
the relatively complicated signal conditioning remains necessary. For synchros and potentiometers simple
indicators are available without the need of interface equipment for those appliocations.

Variable differential iransformers cannot easily be integrated with other coaputer elements, etc. In
this respect potentiometers and synchros must be preferred.

Advantages of variable differential transformers compared with pctentioneters are finallys

=~ the low noiss level

- the negligidble actuation force

- the electrical separation between cutput signal and power supply.

Supgary. The specific characteristics of the three main groups of position transducers for flight test
purposer can be dsscribed as followss

The potentiometer can be regarded as the device that is best suited for quasi-static applications. It
bas the advantages of low cost, high output signal, and of being the siaplest to use. Disadvantages are
the relatively low life expectancy, low reliability, and low resistance to shock and vibration and the
relatively high noise level. Wire-wound potentiometers have the disadvantage of finite resolution.

The synohro is a device with excellent resolution, high accuracy (even for normal types), high relia-
bility, and, especially in the case of brushlesa types, a long life expectancy. A dissdvantage ia the ne-
cessity for complicated and expensive signal conditioning for recording purposes.
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T™he yariahle diffaxential trensfommer 19 & devioe with excellent resolution, medium accuracy, snd
long 1ife axpectancy. Because of its robustneas it can be used under extreme envirommental oconditions. A
disadvantage is the necessity for relatively complicated mignal conditioning, exoept for "DC in - IC out"
types.

In special cases, systems other than the three mentioned above must be oconsidered. This ia for in-
stance the caze for applications in telemetry circuits, because variabie self-inductance transducers can
be easier adapted to an Ml tranmmissicn aystem.

Another exmrple is the application of the DC synchronous system for direct resding instruments,

9.0 CALTRMATION GP POSTTION WEASURING BUTPMRF

Gsneral congiderations oconocerning the calibration of flight test measuring instruments or measuring
chains are given in Volume 1 (Ref. (25)) of the AGARD Plight Test Instrumentation Series. Prom this it ap-
pears to be preferable to first calibrate ezoh component of a measuring channel separately and then to
oombine the different componenmt calibrations into an overall (end-to-end) calibration of the Deasuring
channel. To be sure that all possible effects have been taken into acoount in such cases, the overall ca-
libration is finally checked at & few points or a complete overall calibration is executed.

For position measuring channels it sometimes is not so easy to obtain an overall calibration by com-
bining component calibrations. It may, for example, be difficult to sepavately calibrate the mechanical
linkage betveen an aircraft control surface and the position transducer with sufficient accuracye The com-
bination of the ocontrol surface to be measured, the mechanical linkage, and the transiucer can then be re-
garded as one component. The overall calibration can then be obtained by combining this calibretion with
the oomponent calibrations of the signal conditioner, the recording channel, eto. If the mechanical link-
age introduces a non-linearity, it may be necessary to take a relatively large number of calibration
points. Especially in that case it may be better to execute an overall calibration of the total channel
than to combdine the component calibrations. Even when an overall calibration of the total channel is pre-
ferred, however, it is helpful to have component calibrations available for locating error sources if the
total channel accuracy deteriorates after some time. Component calibretions can also be useful to check
the accuracy, linearity, and play of mechanical linkages. This can be done by comparing the overall calij-
bration of the combination of transducer and mechanical linkage with the calibratior of the tranaducer
alone. For this purpose both calibrations must preferadbly be executed in the laboratory.

In the following, consideration will be given to:

~ oalibration of position transducers with and without coupled mechanical linkages

- oalibration of signal conditioning equipment for position measuring channels

- overall calibration of a complete position measuring channel.

The oalibration of position transducers, which will generally be executed in the laboratory, is done
by positioning the t{ransducer shaft in a number of acourately known positions and measuring the electrical

ovtput at each position. The shaft position can be measured by means of an angular setting table, a linear
displacement gauge of the dial-and-pointer type, a bubble inclinometer, a precision ruler, or a similar
device that will mostly already be available for other purposes, for instance as a tool in the fine mecha-
nical workshops The electrical output measurement can be performed by standard laboratory instruments such
as resistance rationeters, precision voltmeters, precision smynchro indicators, etc. Valuea for power sup-
plj, frequency, load impedance, etc. during the laboratory calibration must preferably be chosen in ao-
cordance with the values to be expected during the flight tests. Monitoring and recording of the excita~-
tion voltage during the calibration of position transducers is, in general, very useful.

In most cases the calibrations can be done under nornal laboratory conditions. When extreme environu-
mental oonditions ure expected, the calibrations will have to be done under simulated circumstances, for
instance,in a higb~temperature chamber.

Calibrations of the combination of the transducer, the mechanical linkage, and the control surface
can be executed in a similar way. Such measuremenis must often be made on the aircraft itself. This should
then be placed in a hangar so that the calibration is least influenced by other factors.

The calibration of signal conditioning equipment for position measurement is generally performed in

the laboratory, but can in principle also be done aftier installa*ion in the aircraft. The calibration is
usually done by supplying a mumber of known input values (resistance ratio, voltage, synchro signal, etc.)
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and measuring the output for each setting. To facilitate this work, often transducer simulators are used.
Thess can vary from simple homemade devioes to sophisticated special-purpose simulating equipment. Por the
calibretion of mynchro-signal comditioning equipment or synchro-input channela of recorders, ocomputers,
ota., specia’ synchro sisulators are available, containing high-acourscy precision mynchros or multi-tap
transformer cirouits to mest very high acourecy requirements. Monitoring and recording of the excitation
voltage during the calibretion of signal conditioning equipment is, in genersl, very useful.

Ihe overal) calibretion of s cosplete pogition messuremert chanpel is exeouted after the installation
of all components in the airoraft. It is performed Ly positioning the aircraft component in a nuaber of

known positions and recording or noting the ocutput at the end of the measuring channel. Generally, the
choice of the positions at which calibretion pointas must be taken is self-evident, sspecially when there
are special points such as end stops, centre positions, etoc. in the movement range. The number I celi-
bration pointa depends smongst other things on the desired accuracy and on the linearity of the measuring
chain. The required number of oalibration points in a non-linear channel, generally, is much larger than
in a linear channel.

Devices that can serve as calibration standards are, for instance, inclinometera (especially bubble-
1nolino-otou), precision rulers, displacement gauges of the “dial-and-pointer” type, etc. Often a certain
Beasure of ingenuity and improvisation talent will be necessary to find the best solution for probless in
this field.

For calibrations that cannot be realiszed with simple auxiliary devices and (or) that have to be per-
formed frequently, it is often justified to develop special calibration toola. Obviously no general direo-
tives can be given for ths manufacturing of such devices. They generally are homemade devices specially
adapted to a certain measuring situation. An example of such a special calibration tool is an angular
measuring mechanism used for the calibration of rudder control surfaces (see Mig. 9.0-1). It conaimts of
two pairs of parallel armsj one pair is (by means of ball bearings) coupled at one end to a footplate and
at the other end with a graduated dial platey the other pair is coupled at one end tc a footplate and at
the other end to an adjustable, transparent, reference plate. Coupling and dimensions are such that 4wo
parallelograms are formed by which any angular rotation of the footplates with respect to each other is
directly tranmmitted to the dial and reference plates. The indication is only dependent on the angle be-
tween the footplates and not on the distance between them, The footplates are provided with rubber suction
cups by which one pair of arms can be attached to a convenient point on the rudder surface and the other
pair of arms to the vertical stabiliser. With the aid of this tool, the position of the rudder with re-

spect to the stabiliser can be read directly from

SUCTION CuP the dial. The indication can be adjusted to sero
' for the centre position of the rudder. The deter-
mination of the rudder centre position must be
done by other means that will not be described
here. The tool can in principle also be applied
for the calibration of elevator and aileron
angles, but these calibrations can generally be
executed better by using bubble-inclinometers.
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PLATE
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STABILIZER

AIRCRAFT
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Fig. 9.0~1 Special tool for rudder calibration
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